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Abstract 

This research examines the flow in meandering compound channels through numerical and 

physical modelling which are significant for understanding the non-uniform flow and its 

behaviour. Accounting the momentum exchange at the junctions of a compound channel is a 

complex task in order to develop an improved model for predicting stage-discharge 

relationship, distribution of the flow in subsections, resistance, and distribution of boundary 

shear force.   

In literature, much of experimental research works are focussed on simple meandering channels 

and less for meandering compound channel, while almost nil works has been carried out for 

doubly meandering compound channel (where both main channel and floodplain levees are 

meander). Experiments have been conducted on two stage meandering channels with different 

sinuosity constructed at the hydraulics-engineering laboratory of the department of civil 

engineering, National Institute of Technology Rourkela (NITR), India. The effectiveness of 

Manning’s n is analysed for the different flow configurations of meandering compound 

channels. A model is developed for determining Manning’s roughness coefficient which 

depends on the non-dimensional parameters like width ratio, relative flow depth, sinuosity 

ratio, meander belt width ratio, and bed slope. Various data driven models such as multivariate 

adaptive regression spline (MARS), group method of data handling (GMDH), gene-expression 

programming (GEP) and support vector regression approaches have been used to develop a 

model for predicting the Manning’s roughness coefficient of meandering compound channels 

by taking care of the aforementioned geometric and hydraulic parameters. These developed 

model equations through MARS, GMDH, GEP, and SVR approaches can be useful as a 

practical tool for the prediction of Manning’s roughness coefficient in a natural channel. 

Moreover, the model is further used for estimating conveyance for large-scale as well as small-

scale channels. Results of the developed model is compared with established approaches for 

calculating roughness coefficient n  which leads to the assessment of conveyance capacity of 

the meandering compound channels. The performance of all the developed models are 

evaluated by means of various statistical measures and uncertainty analysis to determine the 

best alternate. The models are developed using relevant experimental data obtained from 

laboratory experiments and the data from other researchers on the meandering compound 
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channels. The results are found to be in agreement with experimental as well as river discharge 

data. 

The flow structure in a compound channels becomes complicated due to the transfer of 

momentum between the deep main channel and the adjoining floodplains; which affects the 

shear stress distribution across the perimeter. Accurate prediction of shear stress distribution 

along the boundary in an open channel is the key to the solution of numerous critical 

engineering problems such as flood control, sediment transport, river bank protection and 

others. Therefore, an investigation concerning the distribution of bed shear stress in the main 

channel and the floodplains of meandering compound channels are presented. Models for 

predicting the percentage sharing of shear force for floodplain (% )fpS  are developed using 

multivariate adaptive regression spline (MARS), group method of data handling (GMDH) and 

gene-expression programming (GEP) by taking five dimensionless parameters as the inputs. 

The width ratio, relative depth, sinuosity, bed slope, and meander belt width ratio of the channel 

are taken as input parameters. Influence of each parameter on predicting the percentage of shear 

force at floodplain by the developed models is also analyzed by adopting a sensitivity analysis. 

The predictive results are compared with results based on in situ measurement using other data 

driven approaches like support vector regression (SVR), and K-nearest neighbors (KNN). A 

comparative analysis of the developed MARS, GMDH and GEP model and previously 

developed analytical models are presented.  

The conventional channel division methods assume zero apparent shear forces on the respective 

vertical, diagonal, horizontal and variable-inclined interfaces. A modified variable inclined 

interface (MVI) is proposed by using GEP for which apparent shear force is calculated as zero. 

Modified variable inclined interfaces are also used to calculate discharge in meandering 

compound channels. Performance of the developed models of shear force percentage is 

evaluated with previously developed analytical methods through different statistical measures. 

Using the modified-inclined interface, the error between the measured and calculated 

discharges for the meandering compound channel is found to be the minimum when compared 

with that using other interfaces. Moreover, the equations agree well for predicting discharge 

for large-scale as well as small-scale channels besides the natural river data.  

In this research work, an attempt is made to improve a discharge estimation method where the 

modified variable inclined interface divides the main channel as well as outer and inner 
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floodplain separately and calculate discharge which is termed as enhanced channel division 

method (ECDM). The computed results show that the method is well capable of predicting the 

discharge distributions in the floodplain and main channel. 

At overbank stages, the water spreads to its floodplain leading to an abrupt change in the river 

geometry. Therefore, a different approach has been developed for improving estimation of 

discharge using gene-expression programming (GEP). A new empirical equation has been 

developed to predict discharge by taking four parameters viz Relative Depth ( )β , Coherence 

Parameter (COH), Sinuosity ( )s  and the Discharge Ratio ( / )vdm bfQ Q . The model has taken 

care of the sinuosity (s) of the meandering channels within the range of 1.04 to 2. In order to 

measure the strength and compatibility, the developed model is compared with various 

discharge estimation methods such as the single channel method (SCM), divided channel 

method (DCM), meander belt method (MBM), modified divided channel method (MDCM), 

interacting divided channel method (IDCM), and coherence method (COHM). Influence of 

each parameter used in the model for predicting the discharge is also analyzed by adopting 

sensitivity analysis. Performance of the GEP model is also evaluated in comparing its results 

with other analytical methods.  

The performance of all the developed models presented in the thesis are evaluated by means of 

various statistical measures such as the coefficient of determination (R2), root-mean-square-

error (RMSE), mean absolute error (MAE), mean absolute percentage error (MAPE), coefficient 

of efficiency (E), Akaike information criterion (AIC), and scatter index (SI). The developed 

models are also used to validate with higher sinuous channels having sinuosity of more than 

2.0 and the river Baitarani at Anandapur site having drainage area of 8570 sq. km.  

Model equations of roughness coefficient through MARS approach gives satisfactory results 

as compared to other approaches like GEP, GMDH, and SVR. Similarly, results of % fpS

obtained through MARS is superior to other four machine learning approaches evaluated, i.e., 

GMDH-NN, GEP, SVM and KNN as well as analytical models of Patra and Kar (2000), Khatua 

and Patra (2007) and Khatua et al. (2011a). An enhanced channel division method (ECDM) for 

calculating discharge through MVI interface plane is developed. The MVI interface method of 

separation of the compound meandering section provides the most acceptable discharge results. 

The standard error between the measured and calculated discharge using this interface plane is 

the minimum. Most of the individual discharges are comparable with the observed values. The 
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ECDM approach is also found to be quite good for discharge estimation for the two types of 

channels of Khatua (2007) having sinuosity=1.44 and 1.91 and for river Baitarani (Annual 

1975, 1985) at the Anandapur site (sinuosity = 1.34). Another discharge model in the form of 

bfQ Q  is proposed by GEP approach and is found to be quite adequate for all types of channel 

systems ranging from laboratory models to large scale river systems and the highly sinuous 

channels. The results give a clear suggestion of the efficiency of the GEP model and its 

potential use for practical applications within a similar range of non-dimensional parameter 

tested in this work. The proposed model by GEP approach is found to be quite adequate for all 

three types of channel systems ranging from laboratory models to large scale river systems and 

the highly sinuous channels in comparison to other approaches like SCM, DCM, MBM, 

MDCM, IDCM, and COHM.  

 

Keywords: Boundary shear stress; Depth averaged velocity; Enhanced channel division 

method; Flow resistance; Longitudinal velocity distribution; Meandering compound channel 

flow; Shear force distribution; Stage-discharge relationship; Apparent shear force; Machine 

learning approach; Modified-inclined interface method. 
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Chapter 1 

1 Introduction 

1.1 Background and Motivation 

Rivers play an integral part in the sustenance of life on earth. Therefore, it is important 

to understand the characteristics of rivers, both for in-bank and overbank flow conditions. 

An open channel is a passage in which liquid flows within a free surface. Open channel 

flow has uniform atmospheric pressure exerted on its surface and is produced under the 

action of fluid weight. Open channels are said to be natural when channels are irregular 

in shape, alignment and surface roughness, e.g. streams, rivers, estuaries and others. 

When the open channels are regular in shape, alignment and uniform surface roughness, 

which are built for some specific purpose, such as irrigation, water supply, waterpower 

development those are called as artificial. It is more difficult to analyse open channel 

flow due to its free surface. Generally, flow in an open channel is directed by gravity 

force apart from inertia and viscous forces. The river generally exhibits a two-stage 

geometry such as deeper main channel and shallow floodplain. When the flow goes 

beyond bank full during flood, the channel section becomes compound.  

Rivers are the main source of water supply for domestic, irrigation, industrial, 

transportation and recreation uses. Since antiquated time, many great civilizations have 

developed near the bank of rivers because of adequate water resources are pivotal for 

mankind. In fact, floodplains and coastal regions had attracted human settlements 

because of the advantages and benefits related to fertile soil for agriculture, transportation 

and the availability of water for household consumption, irrigation, industry, and 

sustainable energy. However, the design and organizing these systems require a full 

perception of mechanics of the flow and sediment transport. During flood, a small river 

inundates its floodplain, thereby causing serious damage to the lives and shelter of the 

people residing in low-lying areas. Flooding occurs when water from rivers, creeks and 

other geographical features cannot be drained adequately. Often during times of heavy 

rainfall, drainage systems in residential areas are not adequate, or unchecked civil 

development severely impedes the functionality of an otherwise acceptable drainage 

system. From recent times, river engineer’s devise solutions by designing flood defences 
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to ensure minimum damage from flooding. This has saved the amplified loss of life and 

increased economic costs when flooding occurs. Floods are among earth's most common 

and the most destructive natural hazards, which may happen in a multitude of ways such 

as (i) coastal storm surges, (ii) overflowing rivers, (iii) water tables with very high stages, 

(iv) urban runoff, (v) agricultural runoff, and (vi) overflowing sewerage systems. Knight 

and Shamseldin (2005) suggested that manmade causes, such as dam failures, 

embankment failures, floodplain encroachment, change in land use, inadequate drainage 

capacity, and others, besides natural causes, such as precipitation, landslides, storm 

surge, high groundwater level and the climate change, are the major causes of floods. 

They also distinguished between three different types of flooding situation such as 

fluvial, urban and coastal flooding. Fluvial flooding is commonly identified with a river 

exceeding its bankfull discharge and then flowing onto its surrounding floodplains. 

Urban flooding is often identified with insufficient drainage capacity via urban 

watercourses and piped systems. Coastal flooding may be associated with overtopping 

of coastal embankments, high tide level and destruction of breakwaters under abnormal 

wave conditions.  

Floods cause extremely large numbers of fatalities in every country, but due to India's 

extremely high population density and often under enforced development standards, a 

large amount of damages and deaths, which could be otherwise avoided, are allowed to 

happen. India witnesses flood due to excessive rain, which then results in overflow of 

rivers, lakes and dams, which adds to the cause of large amounts of damage to lives and 

property e.g. in August 2018, severe flood has occurred in Kerala, India (Fig. 1.2). It was 

the worst flood in the history of Kerala, which has affected hundreds of villages, 

destroyed an estimated 10,000 km (6,200 mi) of roads and thousands of homes have been 

damaged or destroyed and about a million people were evacuated.  

  

Figure 1.1: Aerial view of floods in Kerala in August 2018. (Source: Google Image) 

https://en.wikipedia.org/wiki/Flood
https://en.wikipedia.org/wiki/South_India
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Flooding from the river is the most frequent natural disaster that affects the people. 

Therefore, river engineers are more concerned to mitigate flood impacts. For flood 

protection, floodplain management, bank protection, navigation, water intakes and 

sediment transport-depositional patterns, distribution of flow and velocity in a river 

subsections play an important role. Generally, river engineer’s use hydraulic model to 

make flood prediction. The hydraulic model incorporates many flow parameters such as 

discharge, depth averaged velocity, and boundary shear stress prediction. Prior to 

developing hydraulic models for all these flow features, a detailed knowledge on open 

channel hydrodynamics is required. In nature, river has its own sole characteristic, which 

makes a prediction of discharge difficult. Generally, river is distinguished by three types 

of planform such as (i) straight (ii) meandering and (iii) braided. Straight rivers are very 

rare in nature and mostly rivers are of meandering planform. Flow patterns of meandering 

channels are very complex in comparison with the straight channels.  

Therefore, the present research work is focused on river flood modelling. In order to 

predict, control and make efficient use of rivers and open channels, measurements of 

different properties (e.g. flow depth, discharge, velocity, boundary shear stress) of an 

open channel flow in the laboratory are often required. This has led to the development 

of models to predict the flood and other parameters in the river for both inbank and 

overbank flow conditions. 

When the flow in a river is bound within the main channel banks, it is known as single 

stage channel flow. During floods, the flow overtops its side banks and spreads over the 

surrounding area known as floodplain, making the river section as a compound or two-

stage. Thus, compound sections consist of a main channel and the adjoining one or more 

floodplains to its side banks (Fig. 1.2). Main channel always carries low flows whereas 

floodplains carry flow above bank full stages during flood. Analysis of flooding process 

requires knowledge of the longitudinal variation of the maximum stage (depth) and 

discharge (flow rate) or velocity at different sections. Collection of data at very high 

stages of river are rather impossible. Therefore, modelstudies are the best alternatives to 

simulate the flow situations. Whether investigation on a simple uniform channel or a 

model of a real situation, controlled laboratory conditions give accurate and useful data 

in a safe environment. These datasets can be utilized to understand the behaviour of basic 

fundamental flow mechanisms and thus can be applied to construct models to predict the 

flow variables of flooded rivers in real conditions.  
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Figure 1.2: Compound channel with the main channel, left floodplain and right 

floodplain 

1.1 Meandering Channel 

When the longitudinal axial path of a river channel deviates from its main course forming 

curvature with respect to its straight path, then it is said to be a meandering channel. The 

term “Meandering” in the early sixties was a winding course flow. Technically, it is 

stated as sinuous curve, loop or bend at the river stream. In few decades, the 

“meandering” term was defined globally among researchers and scientists as it is the 

most common form of river course. Mostly all rivers tend to meander up to some extent 

based on their cross-sectional geometry, flow sediment ladden conditions and other 

natural effects. 

Inglis and Lacey (1947) reported that a river is disintegrated during high flood for the 

vitality of turbulent amplitude. They stated that the banks of the rivers are not enough to 

carry excess turbulent energy which is formed during floods and therefore erosion takes 

place. For the wild variation of discharge in the river, there may be erosion at one bank 

and deposition of silt at another bank. Leliavsky (1955) concluded that for river to be 

meandered, centrifugal force plays a vital role due to the development of helicoidal cross-

momentum. Chang (1984) deliberated that under the state of equalization, the slant of 

the channel cannot surpass. If the load and discharge are in such a way that the channel 

slope exceeds the valley slope dynamic changes occur in terms of aggradation which 

results valley slope to be steepened. Under the state of equilibrium channel slope cannot 

exceed valley slope, either it may be equal or less than the valley slope. The flow pattern 

in the meandering channel demonstrates the degree of adjustment of the channel so that 

flatter channel slope can exist with in steeper valley slope. 

The degree of meandering of a river is its response of degree of stabilization with 

sediment ladden water with its environment. Meandering channels are sinuous in 

geometry. Topographic low and high points are counted as riffles and pools, respectively. 

At the time in low flow, fine sediments are transported from riffles which gets deposited 
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in the pools. As a result, the outer bank become deeper than inner bank. In meandering 

channel, corkscrew shaped or helical shaped flow is encountered at which the height of 

the water surface is raised at outer wall of each curve. In this type of situation, due to 

higher velocity at the outer bank, erosion takes place and deposition of transported silt 

occurs at inner bank. An illustration for formation of a meandering channel is given in 

Fig. 1.3. 

 

Figure 1.3: An illustration for formation of a Meandering Channel (Source: Google 

Image, https://sites.google.com/site/stmarysfluvialstudies/meanders).  

Continious expansion of meandering rivers by the progressive shift and growth of bends 

of the river suggests complex phenomenon in the system. In normal weather situation, 

flow in the meandering occurs only in main channel. For high flow, water steps to 

floodplain area, which create problems to the surrounding. Meandering of river is a 

complicated phenomenon due to flow interaction between main channel and its 

floodplain. For the design of bends in the meandering channel, flow resistance is 

measured for analysis. Due to the sinuous nature outer wall of the meandering channel 

undergoes sediment erosion and inner wall is affected by silt deposition. The channel 

geometry, degree of curvature, slope, and roughness are continuously affected. Two 

photographs of meandering channel are shown in Fig. 1.4. 

https://sites.google.com/site/stmarysfluvialstudies/meanders
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Figure 1.4: Typical Meandering Channel (a) East Alligator River, Kakadu national park, 

Northern Territory; (b) The Cauto River or Rio Cauto, Guamo Embarcadero, Cuba. 

1.2 Parameters of Meandering Channel 

The meander path (flow path) is taken from one bend apex to the next bend apex. Bend 

apex or the axis of bend is the section at which the river has the maximum curvature. A 

channel, while moving from one bend apex to the other passes through the cross-over. 

Crossover is a section at the point of inflection where the meander path changes its course 

as shown in Fig. 1.5. The concave bank is known as outer bank and the convex bank is 

known as the inner bank of a meandering channel. In the Fig. 1.5, b ,  , and L  

represents the width of the main channel, the wavelength  and length of channel 

respectively for one wavelength. Notations B , MWB  and cr  represents the width of the 

compound channel, width of the meander belt and the radius of the channel, respectively. 

Various terms associated with meandering channel are given as 

i. Meander Wavelength ( )  

ii. Meander Belt Width ( )MWB  

iii. Channel depth 

iv. Channel width 

v. Bend radius 

vi. Sinuosity ( )s  

Meander wavelength ( )  is the distance between the middle points of two crest or two 

trough in bend apex section. Meander belt width ( )MWB  is the width of the meander path 

along transverse direction from one bend apex to another bend apex. Sinuosity ( )s  is 
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used to describe the degree of meandering channel. It is defined as the ratio of channel 

length to straight length of the valley ( )L . 

 

Figure 1.5: Various Geometrical Parameters of Meandering Compound Channel. 

The floodplains could be the storage for floods during high flows. The surrounding lands 

of the floodplain might compel one to construct levees on both side of the channel. The 

outer levees or embankments can be straight or meandering. For doubly meandering 

levee alignment, the flow behaviour might be much complex that it requires more 

significant studies. So, it is necessary in hydraulic engineering to investigate the flow 

phenomenon of the doubly meandering compound channel.  

The present experimental work is conducted at the National Institute of Technology, 

Rourkela, on two-stage meandering channels. Stage-discharge curves of series of 

meandering compound channels are plotted for a range of depths varying from in-bank 

flow to the overbank flow condition. Experiments are conducted in meandering 

compound channels to examine the variation of roughness coefficient, depth-averaged 

velocity, boundary shear stress distribution, sharing of shear force and conveyance in 

floodplain for different hydraulic and geometric parameters. An attempt is also made to 

estimate the roughness coefficient, discharge, sharing of shear force and discharge in 

floodplain and the depth-averaged velocity for meandering compound channels by using 

data from the experiments as well as from other researchers. The data comprises the work 

of Toebes and Sooky (1967); Kar (1977); Das (1984); Killey (1989); SERC Flood 

Channel Facility (FCF) at Wallingford, UK (Phase-B) (James and Wark (1992), Ervine 

et al. (1993), Greenhill and Sellin (1993)); Khatua (2007); Mohanty (2013); Pradhan and 

Khatua (2017a).  
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1.3 Aim and Objectives 

The proposed experimental research investigates the variation of flow variables with 

geometry and flow parameters having straight and meandering floodplain levee of 

meandering compound channel, with following principal aims: 

 To investigate the effects of geometry and hydraulic parameters on: (a) stage-

discharge relationship, (b) longitudinal velocity profiles (c) lateral depth-

averaged velocity distributions, (d) longitudinal boundary shear stress 

distribution, (e) percentage of shear force sharing in floodplains and (f) 

percentage flow distributions in floodplains of meandering compound channels. 

 To derive expressions for determining the value of roughness coefficient for 

meandering compound channels. 

 To derive expressions for determining the conveyance of two-stage meandering 

channels.  

  To develop an empirical expression to predict the percentage of shear force in 

floodplain surfaces. 

 To develop a model for locating interactive lines of zero shear originating from 

the main channel and floodplain junctions for separation of meandering 

compound channel into hydraulic homogeneous zones. 

 To develop a model for predicting the apparent shear force at assumed interface 

line in the junction of the floodplain and the main channel in order to facilitate in 

the computation of discharge by channel division methods. 

 To use soft computing package such as gene-expression programming (GEP), 

multivariate adaptive regression spline (MARS), Group Method of Data 

Handling Neural Network (GMDH-NN), and support vector regression (SVR) 

for developing the model and estimating the Manning’s roughness coefficient, 

percentage sharing of shear force and discharge at floodplains in meandering 

compound channels due to very high non-linear relationship exist between the 

flow variables and independent variables. 
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1.4 Organisation of the Thesis 

This thesis has been organized into eight chapters. Chapter 1 is the introduction, which 

gives a brief background of meandering simple channel and compound channel with the 

aims and objectives of the current research undertaken. 

Chapter 2 is the literature review, which reviews some notable contribution to the 

meandering compound channels by previous researchers over the past few decades. It 

aids to organize one’s understanding in one dimensional and two-dimensional flow 

models with their methodology and application identifying the various problems in 

rivers. 

Chapter 3 describes the experimental setup and procedures adopted for meandering 

compound channels. Some pictures of the measurement arrangements and techniques are 

discussed and shown. Expemental results and their analysis ranging from inbank to 

overbank flow conditions are also presented. Pertaining to velocity distribution, depth-

averaged velocity, and boundary shear stress distribution, distribution of shear force in 

floodplain and main channel, velocity contours at various channel sections under a 

variety of flow conditions are discussed. 

Chapter 4 investigates flow resistance in meandering compound channels. Three models 

have been developed by using gene-expression programming (GEP), multivariate 

adaptive regression spline (MARS), Group Method of Data Handling Neural Network 

(GMDH-NN) and Support vector regression (SVR) methodologies to predict the 

composite roughness in meandering compound channel by considering five non-

dimensional parameters (width ratio, relative flow depth, meander belt width ratio, 

longitudinal bed slope, and sinuosity ratio). The effectiveness of the present models has 

been tested by comparing the results of composite roughness with other existing 

approaches. 

Chapter 5 presents the investigation on the distribution of boundary shear force at the 

cross-section of meandering compound channels and the developed models for 

predicting the percentage sharing of shear force in floodplain (% )fpS  using non-

parametric regression methodology through GEP, MARS and GMDH-NN approaches. 

The width ratio, relative depth, sinuosity, bed slope, and meander belt width ratio of the 

channels are taken as input variables to the models. The present study also presents the 

comparative study of GEP, MARS and GMDH-NN approach with other two data driven 

models i.e. Support Vector Machine (SVM) and K-Nearest Neighbour (KNN) and some 
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previously developed analytical equations for testing the compatibility of the developed 

models. 

Chapter 6 introduces an Enhanced Channel Division Method (ECDM) for discharge 

estimation basing on the percentage of shear force in floodplain and the apparent shear 

force along the division lines of separation in compound channels. A modified variable-

inclined (MVI) interface carrying zero apparent shear is developed which is used for the 

division of compound channels into the main channel and floodplain separately, which 

is subsequently used for calculating discharge in the meandering compound channels. 

The performance of the discharge estimation approach through the proposed interface 

lines is validated with the various assumed interface methods.  

Chapter 7 describes a model for predicting the flow discharge using gene-expression 

programming (GEP) by taking four non-dimensional parameters viz. relative depth, 

sinuosity, coherence parameter (COH), and the Discharge Ratio ( / )vdm bfQ Q . 

Performance of the GEP model is also evaluated by comparing its results with various 

discharge estimation methods such as the Single Channel Method (SCM), Divided 

Channel Method (DCM), Meander Belt Method (MBM), Modified Divided Channel 

Method (MDCM), Interacting Divided Channel Method (IDCM), and Coherence 

Method (COHM).  

Chapter 8 discusses the relevant conclusions drawn from experimental observations, 

model performances and the limitations of the present work. Significant 

recommendations are also suggested for further research work. 
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Chapter 2 

2 Literature Review 

2.1 Introduction 

The present research work is based on an extensive review of literature covering a 

spectrum of meandering compound channels. The term “meandering” was defined 

globally among researchers and scientists as it is the most common form of river course 

in the examples of natural occurrence. All rivers tend to meander up to some extent based 

on their cross-sectional geometry and other natural effects. A thorough literature survey 

is prerequisite for any successful and expressive research in any prospect. For the 

meandering channels, analysis of boundary shear stress distribution, velocity profile 

through its meander path, and sharing of shear force in floodplain and main channel are 

quiet cumbersome due to highly complexity flow structures that varies significantly in 

three-dimensional space. Therefore, flow analysis in a meandering channel is a 

challenging research on the aspects of estimation of discharge, flood control, stream 

restoration etc. Discharge prediction is one of the essential work in river engineering 

projects that helps to draw the stage discharge curve which forecasts flood level, 

protection of bank and others. Calculation of discharge is influenced by geometric 

parameters as well as hydraulic parameters of the channel. Modelling of such complex 

flows require proper understanding of flow mechanisms and therefore the need for an 

extensive literature studies. This Chapter includes some critical reviews on literature and 

further the motivation for selection of research objectives.  

2.2 Experimental Investigations on Meandering 

Compound Channels 

Various researchers have studied the flow mechanism in meandering compound channels 

concerning the shear force distribution, momentum transfer, and discharge methodology. 

Among the various literature studies, the experimental channel geometry data of Toebes 

and Sooky (1967), Kar (1977), Das (1984), Kiely (1989), SERC Flood Channel Facility 

(FCF) Phase-B (1990-1991), Willetts and Hardwick (1993), Patra and Kar (2000), 
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Khatua (2007), Mohanty (2013), and Pradhan and Khatua (2017a) were collected, and 

studied to find out the gaps on their research.  

         Toebes and Sooky (1967) carried out experiments in meandering compound 

channels having sinuosity of 1.09 and by varying channel bed slope from 0.0003 to 

0.0037, to determine the discharge capacity of meandering compound channels as a 

function of stage for specific geometries. A variation of seven longitudinal slopes were 

analysed to provide eleven individual stage-discharge cases. They carried out channel 

division approaches to determine the energy loss on an assumed interface, and also show 

the dependency of overbank flow depth, mean velocities and longitudinal slope on bed 

friction. The variation of energy loss increased with overbank flow depth and after a 

certain depth it decreased. It was concluded that total energy loss in the meandering 

compound channel was more than the summed of energy loss for simple meandering 

channel and energy loss of floodplain area of the compound channel. The interaction loss 

was found to increase with decrease in the mean velocities and it was the maximum when 

flow depth in the floodplain was the least.  

        The channel data of Kar (1977), Das (1984) had different bed slope and sinuosity 

with respect to the present experimental data. The bed slope for the channel of Kar (1977) 

and Das (1984) was maintained as 0.0061 and 0.004, respectively and the sinuosity for 

the channel of Kar (1977) and Das (1984) was maintained as 1.22 and 1.21, respectively. 

Kar (1977) analysed the interaction effect and boundary shear stress distribution in the 

meandering compound channel. He used the relationship developed by Toebes and 

Sooky and calculated an interaction effect through a parameter. He explained the 

interaction of floodplain and main channel to be higher at lower floodplain flow depth. 

He also explained that roughness coefficient and channel geometry did not contribute for 

the loss of interaction. 

         Kiely (1989) and McKeogh and Kiely (1989) studied the discharges, velocities, and 

turbulence characteristics for a meandering compound channel in a flume having 14.4 m 

length and 1.2 m width. The study compared two different smooth compound channel 

cases: (1) a single-meander compound channel; and (2) a multiple-meander compound 

channel. The meandering main channel was 0.2 m width with a bankfull depth of 0.05 

m. The meandering channel had a rectangular cross-section with a sinuosity of 1.224 and 

valley slope of 0.001. They reported that turbulence intensities in longitudinal direction 

were higher in case of meandering channel than straight channel with more turbulence in 

floodplain areas. Transfer of turbulence was observed from floodplain to main channel 



Chapter 2                                                                                               Literature Review 

 

13 

in both types of channels. Conveyance of floodplain was more than main channel when 

flow depth became higher, for both meandering and straight compound channel. 

         Data from the studies carried out in the large scale model in Flood Channel Facility 

(FCF), UK during 1990-1991 on meandering channels having 50 m length and 10 m 

width classified as FCF Phase B programme were used besides other reported data from 

the same channel facility (Ervine et al. 1993; Greenhill et al. 1993; James and Wark 1992; 

Knight and Sellin 1987; Willetts and Hardwick 1993) in the present work for the 

development of key equations. More data were acquired from the website of University 

of Birmingham (http://www.birmingham.ac.uk/). Parameters such as the relative depth, 

sinuosity, main channel aspect ratio, and relative meander width were varied during these 

experiments to illustrate their influence on flow behaviour. The present FCF data was 

named as series B21 which is a trapezoidal channel with 60° cross-over angle and the 

two natural channels types namely B26 and B31. The total width was equal to 10 m for 

both B26 and B31 channels and 6.11 m for B31 channel. The width of main channel, 

bank full depth, width of meander belt, and sinuosity of these three channels were 

maintained as 1 m, 0.15 m, 6.11 m and 1.374, respectively. The compound meandering 

channels B39 and B47 of FCF-B (1990-1991) data series had 110-degree crossover 

angles. The width of main channel ( )b , bank full depth ( )h , width of meander belt 

( ),MWB bed slope o( )S , and sinuosity ( )s  of these two channels were maintained as 1.2 

m, 0.15 m, 8.56 m, 0.00102 and 2.043, respectively. The total width ( )B  of B39 and B47 

channels were 10 m and 8.56 m, respectively. Those data facilities are extensively used 

by researchers. 

        Willetts and Hardwick (1993) examined the relationship between stage, discharge 

and velocity fields in small laboratory flume of meandering compound channel having 

sinuosity ( )s  of 2.043. Extensive exchange of flow of water between main channel and 

floodplain was observed at the downstream of the channel. They investigated the effect 

of floodplain roughness by various channel parameters. The experimental channel of 

Willetts and Hardwick (1993) had trapezoidal main channel with top width ( )T  and 

bottom channel width ( )b of 0.17 m and 0.14 m, respectively. The full depth at the bank 

stage of the main channel ( )h was 0.05 m. The width of the top of the meandering 

compound section ( )B was 0.96 m. The amplitude ( ) and meander belt width ( )MWB of 

the channel were 0.42 and 1.2m, respectively.  
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         Patra and Kar (2000) performed experiments on compound meandering channels 

having straight and meandering floodplains covering aspects on boundary shear force 

and discharge. They used five non dimensional parameters to develop an equation for 

shear force carried by the floodplain. They conducted experiments on both smooth and 

rough bed with aspect ratio varying from 2 to 5. They further worked on the floodplain 

and main channel flow interactions and suggested an apparent shear force of zero shear 

line with respect to vertical interface. Empirical relationships were established for the 

percentage sharing of discharge on floodplain and main channel.  

         Khatua (2007) had carried out experiments on  two types of sinuous channel having 

sinuosity of 1.44 and 1.91, and width ratio of 4.81 and 16.08, respectively. He developed 

an equation for the prediction of discharge for the straight compound channel. He also 

analysed the shear force, boundary shear stress, characteristics of discharge from the 

laboratory dataset and developed an equation for the percentage of shear force in the 

floodplain.  

         Mohanty (2013) analysed meandering effect on the flow incompound channel 

having sinuosity of 1.11 and with ratio of 11.97. He studied the distribution of boundary 

shear force and discharge in meandering compound channel. He explained that the 

maximum velocity and boundary shear stress were observed at inner wall of meandering 

main channel at low relative depths. 

        Pradhan and Khatua (2017a) experimented on highly sinuous channel having 

sinuosity ( )s  of 4.11 which comprised of bank full depth of the main channel ( )h , bottom 

channel widths ( )b and top width ( )T of the main channel as 0.06 m, 0.33 m and 0.46 m, 

respectively. The bed slope of the meandering channel o( )S was 0.00165. The amplitude

( ) and meander belt width ( )MWB of the channel were 1.66 and 3.65 m, respectively. 

They explained the dependency of Manning’s roughness coefficient on various non-

dimensional parameters.  

       The experimental parameters having sinuosity of the channels varied from 1.04 to 

2.00 from the above studies of the meandering compound channels are given in Appendix 

A (Table A.1). Details of experimental channel dimensions having channel sinuosity 

greater than 2.00 (FCF B-39 and B-47 (1990-1991), Willetts and Hardwick (1993) and 

Pradhan and Khatua (2017a)) are given in Appendix A (Table A.2). 
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2.3 Roughness Coefficient in Meandering Compound 

Channels 

In river engineering, the  roughness coefficient in terms of Manning’s n  plays a vital role 

in the computation of flood discharge, velocity distribution, design of structures, 

estimation of energy losses (Azamathulla et al. 2013; Bilgil and Altun 2008), and 

therefore its accurate estimation is an important aspect in river engineering. Manning’s 

n  not only represent bed roughness, but also signifies the resistance to flow. The flow 

resistance has been investigated by numerous scientists, for example, Nalluri and 

Adepoju (1985), Myers (1987), Shiono and Knight (1991), Yang et al. (2007) accounting 

the impact of width proportions of the main channel to floodplain on the distribution of 

flow resistance. The nature of the channel bed, as well as other geometric and hydraulic 

parameters, control the roughness coefficient.  

In the recent years, various research has been conducted for determining Manning’s 

roughness coefficient using direct and indirect methods. Cowan (1956) considered the 

irregularity of the surface geometry of the channel, obstructions, and sinuosity to propose 

a model for predicting Manning’s roughness coefficient in meandering channels. The 

Soil Conservation Service (SCS) had developed an equation for estimating Manning’s 

n  for meandering channels by considering the sinuosity of the channel (Fasken 1963). 

Limerinos (1969) established a method for estimating the roughness coefficient by 

considering the various hydraulic parameters. By observing and analyzing the features 

of overbank flow, Knight and Demetriou (1983) obtained a significant physical picture 

of overbank flow. Formulation for Manning’s roughness showing the gradient effect in 

channels having longitudinal slopes greater than 0.002, was derived by Jarrett (1984). 

The researcher used multiple-regression techniques for high gradient channels to develop 

a method for predicting Manning's roughness coefficient which can be easily measured 

from friction slope and hydraulic radius. The variation of roughness coefficient with flow 

depths, geometry and bed slope of the channels in straight and meandering channels were 

discussed by Arcement and Schneider (1989). Shiono and knight (1991) examined the 

variations of the Darcy–Weisbach frictional factor in smooth compound channels. Yen 

(1992) proposed Manning’s n  for simple uniform flows by taking account of the 

geometric measure, such as the unevenness of the edge. Further, SCS method was 

linearized by James and Wark (1992) for a meandering channel, named the Linearized 
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SCS (LSCS) and recommended the Manning’s roughness value for the different sinuous 

channels. Shiono et al. (1999) developed a model to predict discharge through Manning’s 

n which depends upon the longitudinal slope and the meander effect of the channels. 

Bjerklie et al. (2005) established a few conceptual models based on Manning’s and 

Chezy's equations for assessing the river discharge and the flow resistance. Jena (2007) 

proposed an equation to calculate the n  by considering the effect of channel width, 

longitudinal channel slope, and the flow depth. Influence of wetted area, wetted 

perimeter, and the velocity data on Manning’s roughness coefficient by considering the 

flow simulation and sediment transport in irrigated channels was investigated by 

Mailapalli et al. (2008). Khatua et al. (2011b; 2012) formulated a mathematical equation 

for roughness coefficients by varying the sinuosity and geometry of the meandering 

compound channel. Xia et al. (2012) and Barati (2013; 2013; 2012) carried out the 

experiments for predicting discharge by taking care of the effect of bed roughness. Dash 

et al. (2016) modeled the Manning’s roughness coefficient by considering the aspect 

ratio, viscosity, slope of the bed, and sinuosity. Pradhan and Khatua (2017a) proposed 

an empirical formulation of predicting Manning’s n  through dimensional analysis for 

the compound meandering channel by considering the relative depth, width ratio, 

longitudinal channel slope, and sinuosity of the channel.  

The modified value of roughness coefficient through different approaches are 

applied through Single Channel Method (SCM) to get the discharge in the compound 

channel. However the SCM resulted in high percentage error due to over bank flow 

conditions accounting in proper value of Manning’s n . Cowan (1956) determined the 

value of Manning’s n  by generalizing the effects of some factors as: 

 1 2 3 4( )bn n n n n n m      (2.1) 

where, bn  is the base value of n  in case of uniform flow at smooth and straight channel, 

1n  the adjustment factor considering the surface irregularities, 2n  the adjustment factor 

varying the geometrical shape and size of the channel cross-section, 3n  the adjustment 

factor by taking care obstacles in channels, 4n  the adjustment value for vegetation and 

flow conditions, m  is the adjustment factor for sinuosity of the channel. Further, the SCS 

method was adopted for calculating the roughness coefficient by considering sinuosity 

of the meandering channel (Fasken 1963) which is described as 

 / 1.0,  For  1.2n n s    (2.2a) 
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 / 1.15  For  1.2 1.5n n s     (2.2b) 

 / 1.3  For  1.5n n s    (2.2c) 

where, n represents the base value of Manning’s coefficient, n is the adjusted 

Manning’s value, s  the sinuosity of the meandering channel. Toebes and Sooky (1967) 

carried out wide-ranging open channel experiments to study the effect of bed unevenness, 

gradient and flow depth for calculation of discharge in meandering channels as a function 

of sinuosity which is given as 

 
(1/2)(1 6.89 )   For  1.1n n R s     (2.3) 

where, R  is indicated the mean hydraulic radius, s  the sinuosity. Similarly, Jarrett 

(1984) established a method to define Manning’s n  for natural channels having high 

gradient stable bed flow. The researcher proposed the value of n  without considering the 

meandering effect as 

 
0.38 0.16

o0.32n S R  (2.4) 

where, oS  is the slope of channel bed, R  the hydraulic mean radius in meter. James and 

Wark (1992) stated Linearized Soil Conservative Service (LSCS) by modifying the SCS 

technique. The adjusted value of roughness coefficient generalized by James and Wark 

(1992) on the basis of some sinuosity range is given as 

 '
 0.43   0.5,   For  1.7

n
s s

n
    (2.5a) 

 '
 1.3 ,   For  1.7

n
s

n
   (2.5b) 

where, n  is the base value of Manning’s coefficient, n  the adjusted value of Manning’s 

coefficient, s  the sinuosity of the meandering channel. Shino et al. (1999) examined the 

sinuosity and slope of the meandering channel for the estimation of discharge in terms 

of Manning’s coefficient ( )n  as  

 
1 2 1 12

10

g R s
n



  (2.6) 

where, s  is the sinuosity of the meandering channel, and g  the gravitational force. Jena 

(2007) proposed an equation to predict the coefficient of roughness considering channel 

geometry and sinuosity as 

 

1/6

0.25

o94.32

b s
n

S
  (2.7) 
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where, b  is the channel width, oS  the slope of the channel bed, and   the aspect ratio 

which is the fraction of channel width to the depth of flow in channels. Khatua et al. 

(2011b) considered some smooth and rigid meandering channels intense to develop the 

formulation for n  as 

 
0.72 0.29

o

0.86 1.27

s S m
n

k g R




  (2.8) 

where, R  is the hydraulic mean radius,   the viscosity of water, g  the acceleration due 

to gravity, oS  the longitudinal channel slope, s  the sinuosity,   the aspect ratio, m  the 

length factor which is taken as unity and k  is a constant of value 0.001.  

2.4 Boundary Shear Stress Distribution in Meandering 

Compound Channels 

Flow in a river is affected by turbulence and has the three-dimensional character. As a 

result, estimation of various flow parameters such as the discharge, velocity, and shear 

stress pose a challenge to the modelling approaches. Due to different hydraulic 

conditions in the river main channel and floodplain, mean velocities are different for 

main channel and floodplain. Just above the bankfull stage, the flow in the main channel 

exerts a pulling or accelerating force on the flow over floodplains, which naturally 

generates a dragging or retarding force on the flow through the main channel. This leads 

to the transfer of momentum between the channel section and the floodplain. Leighly 

(1932) had pioneered the investigations on boundary shear distributions in open 

channels. Although many researchers have investigated the solution to the boundary 

shear distributions in streams, the mechanisms are still not clear. Shear stress distribution 

using direct and indirect methods have generated a lot of attention. While calculating 

discharge in compound channels, channel division method is usually employed. 

Imaginary interface planes running from the junction of the main channel and floodplain 

are used to separate the main channel from the floodplain of the compound section. 

Momentum transfer between these subsections does not take place, when the shear stress 

at this fluid boundary is found to be zero. Leutheusser (1963) studied the distribution of 

boundary shear stress and showed its variation with Reynolds number. Toebes and Sooky 

(1967) studied the floodplain and main channel flow interaction in meandering 

compound channels and explained the horizontal fluid boundary located at the junction 
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between the main channel and floodplain would be more realistic than a vertical fluid 

boundary in dividing the compound channel for discharge calculation. Ghosh and Jena 

(1971) reported the effect of geometry and roughness on the interaction and the variation 

of boundary shear distribution in meandering compound channels. Yen and Overton 

(1973) used isovel plots to locate interface planes of zero shear. The data showed that the 

angle of inclination to the horizontal of the interface plane increased with depth over 

floodplain.  

Wormleaton et al. (1982) derived an experiential relationship for apparent shear 

stress by using the geometric parameters for straight compound channels. More studies 

were carried out by Knight and Demetriou (1983), Knight and Hamed (1984), Myers 

(1987) and Stephenson and Kolovopoulos (1990) on the interaction of flow at the main 

channel and floodplain interface for straight compound channels and established an 

empirical formula for the measurement of shear stress. Patel (1984), Knight and Patel 

(1985) also explained the relation of boundary shear stress with the formation of 

secondary currents. The authors explained the influence of secondary current on 

boundary shear stress disturbed by the free surface, sinuosity and cross-section geometry. 

The method assumed a fully developed shear layer at the interface between the main 

channel and the floodplain flows.  

Patra and Kar (2000) suggested a line of zero apparent shear force, termed as a 

“variable inclined interface” and reported the experimental outcomes regarding the 

distribution of shear force and discharge of various meandering compound channels. 

Patra and Kar (2000) improved the work of Knight and Hamed (1984) for calculation of 

shear force percentage in the floodplain (% )fpS  of meandering compound channels. The 

researchers introduced the amplitude width ratio o( )R  as amplitude ( ) /μ B  and   

( / )b h  as the aspect ratio of the main channel and proposed the following equation 

 10.289 13.25

o% 48( 0.8) (2 ) 1n βδ

fpS α β αR e      (2.9a) 

where 1n  can be calculated as 
o

1 0.38( )

1

0.75
α R

n
e


  (2.9b) 

Eq. (2.9a) is applicable for the channels having homogenous surface roughness for both 

in the floodplain and in the main channel. Adequacy of the above equations is tested for 

  ( / )B b  up to 4 (smaller width ratio channels). Guo and Julien (2005) analyzed the 

continuity and momentum equation on the average shear stress at the bed and side wall, 

and also explained the importance of secondary current and interfacial shear on boundary 
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shear stress. Khatua and Patra (2007) presented an equation for sharing of shear force at 

floodplain. For higher sinuous channels having width ratio up to 5.25, Khatua and Patra 

(2007) modified Eq. (2.9a) for % fpS  as: 

 
 13.25

o0.1833
1

% 1.23 (38ln 3.6262)

βδ

fp

αR e
S β α

s

 
  
  

 (2.10) 

Lashkar-Ara and Fathi-Moghadam (2010) evaluated the percentage of wall shear 

force and its contribution to total boundary shear force. Further, Khatua et al. (2011a) 

developed a methodology for predicting the shear force carried by the floodplains, which 

in turn was utilized to predict the discharge capacity by modified divided channel method 

in compound channels. Khatua et al. (2011a) further improved the equation (Eq. 2.10) 

for % fpS  by regression analysis concerning the percentage of sub-sectional area 

occupied by the floodplain % fpA , where % fpA  is expressed as 

 100 ( 1)
%

1 ( 1)
fp

β α
A

β α




 
 (2.11a) 

and the expression for % fpS is written as  
0.6917

% 4.105 %fp fpS A  (2.11b) 

where   denotes width ratio and   [ ( ) / ]H h H   denotes the relative depth. 

2.5 Discharge Estimation 

Over the past few decades, there have been considerable research on compound channel 

flow that has increased the awareness in the society and solved some environmental 

problems. In case of over bank flow consideration of whole channel section as single 

cross-section in compound channels, the SCM underestimates the discharge volume of 

the channel as the SCM suffers from a sudden reduction in hydraulic radius (Al-Khatib 

et al. 2012; Myers and Brennan 1990). In case of overbank flow, Divided channel method 

(DCM) is adopted as it is necessary to divide the channel cross section of compound 

channel in such a way that they take care of the hydraulic homogeneity in flow 

computations (Knight et al. 1984; Wormleaton et al. 1982). The DCM divides the whole 

compound channel section into its subsections, consisting of the main channel and 

floodplain, by considering imaginary horizontal, vertical and diagonal interfaces 

originating from the main channel and floodplain junction. Therefore, DCM is 

categorised as horizontal division method (HDM), vertical division method (VDM), or 
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diagonal division method (DDM). Figure 2.1 shows the various interface of the three 

divisional methods.  

 

Figure 2.1: Horizontal, Vertical and Diagonal interface of a compound channel 

(Khatua et.al. 2011a). 

In DCM, the total discharge capacity of compound channel section is computed by 

the summation of the discharges from each subsections, that is: by assuming that the 

Manning equation is applicable to each subsection separately (Knight et al. 1984; 

Wormleaton et al. 1982). However, the results indicate that DCM too is quite inadequate 

for all types of channel geometry, depths of flow, sinuosity and roughness. The failure 

of SCM and DCM are due to the complicated flow interaction between the main channel 

and floodplain (Knight and Shiono 1990; Shiono and Knight 1991).  

The phenomenon of floodplain and main channel flow interaction was studied by 

many researchers to quantify the effect of moment transfer leading to compute discharge 

in compound channels (Knight and Demetriou 1983; Knight and Shiono 1990; Myers 

and Elsawy 1975; Myers 1987; Shiono et al. 1999; Shiono and Knight 1991; Wormleaton 

et al. 1982). Ackers (1992; 1993) proposed a coherence method (COHM) which has the 

correction to the DCM based on the ‘‘coherence” concept that assumes the interaction 

effect between main channel and floodplains for calculating discharge in straight 

compound channels. Mathematically, coherence (COH) is the ratio of calculated 

discharge through SCM and DCM, given as 

 
SCM

DCM

Q
COH

Q
  (2.12) 

Depending upon the value of COH, the correction coefficient is adjusted. If the value of 

1,COH  then that channel is assumed to be a single entity, and if it is less than 1, a new 

correction coefficient called as Discharge Adjustment Factor (DISADF) is multiplied 

with the discharge using DCM. In addition, if COH value is very less, then a deficit factor 
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is subtracted from the discharge by divided channel method. Ackers plotted a graph 

between the DISADF against relative depth ( )  with varying COH value as shown in 

Fig. 2.2. The researcher proposed four zones based on the value of   and the discharge 

that can be calculated from the following equations  

For region-1, 1                         ;   0.2 DCMQ Q DISDEF    (2.13a) 

For region-2, 3, 4,   ,  2,  3,  4  ;   0.2i DCM iQ Q DISADF i     (2.13b) 

 
Figure 2.2: Discharge Adjustment Factor (DISADF) of FCF data (Phase A) from 

Ackers (1993). 

Greenhill et al. (1993) proposed meander belt division method (MBM) to compute 

discharge by dividing a meandering compound channel into three zones (the main 

channel area, the meander-belt area and the area outside the meander-belt) and the total 

discharge is calculated by the summation of contributions from each subsection. Division 

of compound meandering channel using MBM method can be seen in Fig. 2.3. 

In Fig. 2.3, Zone 1 depicts the shallow main channel; zone 2 indicates the meander 

belt area; zone 3 and zone 4 are adjoining floodplains. The segmental discharge can be 

calculated individually by Manning’s formula and added together to provide total 

discharge in the meandering compound channel (De Marchis and Napoli 2008).  
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Figure 2.3: Four zones of the compound meandering channel used in MBM method. 

Patra and Kar (2000) introduced the concept of apparent shear force for vertical, 

horizontal and diagonal divisional lines originating from the junction between the main 

channel and floodplain and established empirical relationships for prediction of discharge 

for the compound meandering channel. Lambert and Sellin (2000) described a technique 

for discharge estimation in meandering compound channel where both the main channel 

and the floodplain are meandering. They concluded that DCM with a vertical division 

between the main channel and floodplain leads to large errors in predicting channel 

discharge capacity. Weber and Menendez (2004) analyzed the discharge by DCM and 

concluded that DCM over predict main channel velocity ( )mcV  and under predict the 

floodplain velocity ( )fpV  due to the ignorance of lateral momentum transfer. Huthoff et 

al. (2008) proposed an interacting divided channel method (IDCM) and quantified the 

lateral momentum transfer in terms of interface stress int( ) . The method was developed 

for calculating discharge by calculating the velocity of main channel and floodplain 

separately from the equations given as 
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 (2.14b) 

where, mcV and 
fpV are main channel and floodplain velocities respectively assuming the 

longitudinally uniform and steady flow,   the coefficient of interface, 
fpN  the number 

of floodplains in the compound channel. 
,0mcV  and 

,0fpV  the main channel and floodplain 

velocities at 0 , mc  and 
fp  the solution parameter for main channel and floodplain 

respectively that can be evaluated using the following equation 

 ,  
fp fp

mc fp

mc mc fp fp

h h

f P f P
     (2.15) 

where 
fph is the depth of the floodplain flow, mcf and 

fpf  the friction coefficient of the 

main channel and floodplain respectively, mcP  and 
fpP  the perimeter of the main channel 

and floodplain, respectively. After computing the value of mcV , fpV , discharge can be 

calculated using the following equations 

 
o ,  

fp omc
mc fp

mc fp

gR SgR S
V V

f f
   (2.16) 

 mc mc fp fp fpQ A U N A U   (2.17) 

where mcR  and fpR  are hydraulic mean radius of the main channel and floodplain 

respectively, g  the acceleration due to gravity. 

Khatua et.al. (2011a) considered the effect of momentum transfer in the analysis of 

compound channel and developed modified divided channel method (MDCM) that 

considers momentum transfer in terms of interface length to account for the boundary 

shear of the main channel and it's adjoining floodplains. MDCM is used for determining 

discharges in compound channels by accounting the momentum transfer between the 

main channel and the adjoining floodplains. The interface length for main channel ( )mcL  

and for floodplain ( )fpL  were introduced in MDCM for estimating discharge. The 

interface length for main channel ( )mcL  was included with the wetted perimeter of the 
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main channel ( )mcP  and the interface length of floodplain ( )fpL was subtracted from the 

wetted perimeter of floodplain ( )fpP in discharge calculation. The interface lengths mcL  

and 
fpL  can be found out from the following equations 

 
100 1

(100 % ) [1 ( 1)
mc mc mc

fp

L P P
S

 
  

     
 (2.18) 
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 (2.19) 

where,   is the width ratio ( / )B b ,   the relative depth (( ) / )H h H , mcP  and 
fpP  the 

perimeter of the main channel and floodplain respectively. 
fpS  the shear force in the 

floodplain, B  the total width of the compound channel, b  the width of the main channel, 

H  the total flow depth in the compound channel and h  the bank full depth of the main 

channel. The total discharge in the compound channel can be calculated as 

    
2/32/35/3 5/3

o

1 1
mc mc mc fp fp fp

mc fp

Q S A P L A P L
n n


   

        
     

 (2.20) 

where, oS  is the bed slope, mcA  and fpA  the area of the main channel and floodplain 

respectively, mcP  and 
fpP  the perimeter of the main channel and floodplain respectively, 

mcL and fpL  the interface length of the main channel and floodplain respectively and ,mcn  

fpn  the roughness coefficient of the main channel and floodplain respectively. Milici et 

al. (2014) performed experiments to know the influence of geometrical and hydraulic 

parameters on the discharge capacity in meandering compound channel. Yang et al. 

(2014) proposed a model for discharge estimation in compound channel by considering 

the effect of lateral and vertical momentum transfer between the floodplains and the main 

channel. 

2.6 Computational Intelligence Technique 

A model can be classified as phenomenological or behavioural (Metenidis et al. 2004). 

A phenomenological model is derived by considering the physical relationships 

governing the system. As a result, the structure of the model is selected according to the 

prior knowledge about the system. It is not always possible to design phenomenological 

models for many of the engineering systems because of their complexity. In order to 



Chapter 2                                                                                               Literature Review 

 

26 

overcome such a problem, the behavioural models are commonly employed. Such 

models approximate the relationships between the inputs and outputs based on a 

measured set of data without a need of prior knowledge about the mechanism that 

produce the experimental data. The behavioral models can provide very good results with 

a minimal effort (Metenidis et al. 2004). Traditional statistical regression techniques are 

commonly used for the behavioural modeling purposes. The regression analysis can have 

large uncertainties. It has major drawbacks for idealization of complex processes, 

approximation, and averaging widely varying prototype conditions (Gandomi and Alavi 

2012). The regression analysis tries to model the nature of the corresponding problem by 

a pre-defined linear or nonlinear equation. Another major constraint in application of the 

regression analysis is the assumption of normality of residuals. In the case of the 

behavioural models, several alternative computer-aided or Machine learning (ML) 

pattern-recognition and data-classification approaches have been developed. ML 

approaches are quite capable of simulating the process to develop a set of equation for 

accurately predicting the required output. The idea is that a pattern recognition system 

learns adaptively from experience and extracts various discriminators.  

In addition to numerical and physical models, ML algorithms (MLAs) also have a 

long tradition in flood modeling, and have gained popularity. Recently, MLAs such as 

the multivariate adaptive regression splines (MARS), support vector machines (SVM), 

genetic algorithm (GA), Model Tree (MT), Group Method of Data Handling (GMDH), 

and K-nearest neighbors (KNN) have been successfully used to solve a variety of 

problems relating to water resources, hydraulic and hydrological engineering fields (Deo 

and Sahin 2015; Mehdizadeh et al. 2017a; Milukow et al. 2018; Najafzadeh et al. 2018; 

Shende and Chau 2018; Varvani and Khaleghi 2018). ML approaches employ 

computational intelligence with a limited set of predictor dataset and do not require any 

a priori knowledge of the mathematical relationships that interlink the predictors with 

objective variable (Adamowski et al. 2012; Deo et al. 2016). Therefore, alternative soft-

computing methods that address these limitations are needed for the modeling. Support 

vector machines (SVM) is an approach for generalization using structural risk 

minimization principle that minimizes an upper bound of the generalization error (Genc 

and Dag 2016; Gunn 1998). K-Nearest Neighbor (KNN) is an approach that classifies 

the cases based on their similarity to other cases (Akbari et al. 2011; Genc and Dag 2016; 

Karlsson and Yakowitz 1987). 
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GMDH neural network is known as a self-organized approach with the capability 

of solving extremely complex nonlinear problems (Amanifard et al. 2008; Najafzadeh 

and Azamathulla 2013; Najafzadeh and Lim 2015). MARS is a rapid, flexible and 

accurate method for forecasting continuous and binary outputs using a combination of 

linear and non-linear approaches (Friedman 1991). Relation of the MARS model is 

additive and interactive that causes fewer variable interactions and bias which is the main 

advantage of the model (Adamowski et al. 2012). MARS develops nonparametric 

modelling without identifying functional relationships between inputs and output to 

understand and explain the effect of pertinent variables, unlike neural networks or 

random forest (Samui 2013; Yuvaraj et al. 2013). It has automated capabilities for 

handling missing data of large databases and selecting important variables automatically 

to predict output. It can make prediction quickly in terms of computation time as 

compared to SVM (Mehdizadeh et al. 2017b). Now-a-days, gene expression 

programming (GEP) is used that introduces completely new features and traits. It is a 

genetic programming (GP)-based supervised machine learning technique that searches a 

program space instead of a data space (Koza 1992). The main advantage of GEP over 

regression and other soft computing techniques is the ability to generate simplified 

prediction equations without assuming a prior form of the existing relationships 

(Azamathulla et al. 2013). GEP also has a unique, multigenic nature which consents the 

development of more complex programs composed into several subprograms. GEP has 

also the capability of generating simplified equation without assuming a preceding form 

of the existing relationship as like GMDH and MARS (Babovic and Keijzer 2002; 

Cousin and Savic 1997; Drecourt 1999; Karimi et al. 2015; Savic et al. 1999; Whigham 

and Crapper 1999; Whigham and Crapper 2001).  

There is a lot of uncertainty in river engineering problems related to the flood 

forecasting and flow analysis. However, during high stages, measuring flows in wide 

rivers using current meters is time-consuming and risky. Under these circumstances, the 

data-driven model or machine learning algorithms (MLAs) is extensively used as the 

alternative approach for predicting the flow properties in flood modeling, and have 

gained popularity. Machine learning (ML) approaches are quite capable of simulating 

the process to develop a set of equations for accurately predicting the flow properties 

like roughness coefficient, Shear force and discharge etc. for meandering compound 

channels. Very limited studies exist in the literature, related to the use of ML approaches 

in the field of river engineering. Harris et al. (2003) used GP for predicting velocity in 
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vegetated compound channels. Chezy resistance coefficient in grooved channels are 

determined by GEP technique (Giustolisi 2004). Bhattacharya et al. (2007) modeled the 

sediment transport in open channels using ANN and model trees (MT). Guven and Gunal 

(2008) used GEP to predict location of maximum scour and its depth of sharp-crested 

control grade structures. Cobaner et al. (2010) used neural networks to analyze the 

boundary shear stress of smooth rectangular channels. Unal et al. (2010) used ANN to 

predict discharge in compound channel and stated that the ANN approach gave better 

flow discharge results as compared to SCM, DCM, Shiono-Knight method (SKM), 

COHM, exchange discharge method (EDM). Bonakdari and (2011) effectively modeled 

the flow pattern of the meandering channel having a 90
o

 mild bend using, artificial 

neural network (ANN), and genetic algorithm (GA). Similarly, Sahu et al. (2011) used 

ANN to predict discharge in compound channel and showed the compatibility of ANN 

approach as compared to SCM, DCM, COHM and EDM.  

Azamathulla and Zahiri (2012) predicted discharge through Linear genetic 

programming (LGP) approach and they stated that LGP performed better as compare to 

DCM approach. Azamathulla et al. (2013) used GEP model for calculating Manning’s 

roughness coefficient in open channels. Zahiri and Azamathulla (2014) applied GP 

technique to the single-channel method results and proposed an equation for predicting 

discharge in compound channel. They had observed that amongst the GP, M5 tree 

decision model (MT) and DCM of discharge prediction, the DCM gave more error as 

compared to GP and MT. Karimi et al. (2015) predicted the streamflow in the forecast 

on daily and monthly basis by using GEP and compared the results with three different 

approaches such as ANN, ANFIS, and ARMA. Najafzadeh and Zahiri (2015) predict 

discharge in straight compound channel by using neuro-fuzzy-based group method of 

data handling (NF-GMDH) approach. They had used particle swarm optimization (PSO) 

and gravitational search algorithm (GSA) to develop the NF-GMDH model and also 

observed that NF-GMDH gravitational search algorithm (NF-GMDH-GSA) model 

performed better than NF-GMDH particle swarm optimization (NF-GMDH-PSO) 

model. They had also performed a comparative study of NF-GMDH model with linear 

genetic programming, nonlinear regression methods, and vertical divided channel 

method (VDCM) for predicting discharge in straight compound channel and shown that 

the NF-GMDH approach produced the best prediction of channel discharge.  

Parsaie et al. (2015) predicted discharge in compound open channel by using SVM 

approach and it performed better than the horizontal divided channel method. Pradhan 
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and Khatua (2017b) modelled the equation for Manning’s n  and estimated discharge of 

meandering compound channels by using GEP. Das et al. (2019) applied the GEP 

technique to develop a model for predicting discharge in non-prismatic diverging and 

converging type compound channels and showed that GEP performed better as compared 

to the DCM. These computational approaches are discussed briefly in the Appendix B, 

that are used to develop models for Manning’s roughness coefficient n , percentage 

distribution of shear force and discharge in the present work. 

2.7 Error Analysis 

The performance of different models may be assessed in terms of goodness of fit. The 

testing of the model performance is a crucial task after the development, where 

comparisons between the observed ( )iO  and the predicted ( )iP  value of the output is 

computed. By assuming O  and P  as the mean value of observed and predicted output 

values respectively and N the total number of observation, the performance of the 

developed models are demonstrated through their standard statistical error calculations 

such as the coefficient of determination (R2), mean percentage error (ME), root-mean-

square-error (RMSE), mean absolute error (MAE), mean absolute percentage error 

(MAPE), scatter index (SI) and coefficient of efficiency (E) (Ebtehaj et al. 2015; Mohanta 

et al. 2018). Discussions on all these error analyses are given in Appendix C. 

2.8 Sensitivity Analysis 

It is necessary to analyze the sensitivity of the parameters used in the development of the 

model to determine the importance of each one of them individually. The sensitivity 

analysis of the independent parameters by Barati et al. (2012), Barati et al. (2013) and 

Akhbari and Barati (2012) for flood routing study and Gandomi et al. (2013) on the effect 

of multiple parameters on a single result is adopted. The percentage of sensitivity  for the 

independent parameters are established by means of the following expressions, 

 max min( ) ( )i i iN f x f x   (2.21) 
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where max ( )if x  and min ( )if x  are the corresponding maximum and minimum values of 

predicted result over the thi  independent factor by considering the mean values of former 

factors.  
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2.9 Uncertainty Analysis 

A quantitative uncertainty analysis is employed to the experimental measurements for 

predicting required output. Generally, it defines the distinct prediction error as 

i i ie P O  . Errors for the complete test data set are used to calculate the mean ( )ie and 

standard deviation ( )SD for the prediction errors using the relations given in Eq. 2.23 

and 2.24, respectively (Najafzadeh et al. 2018; Najafzadeh et al. 2016). 

Mean Error is defined as: 
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1
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N 
   (2.23) 

and standard deviation ( )SD  for the prediction errors is defined as: 
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    (2.24) 

A negative value of mean error demonstrates that the predictive model 

underestimates the observed values, and a positive mean value indicates the 

overestimation of the model with respect to the observed values. A confidence band can 

be constructed using the values of ie  and SD  about the predicted values without 

continuity correction using the Wilson score method. The 95% confidence interval of the 

mean prediction error can be calculated as (Newcombe 1998; Sattar 2013) 

 Confidence interval of mean prediction error  1.96 SD (2.25) 

2.10 Critical Review 

Review of literature as outlined in this chapter suggests that research works have been 

carried out in simple meandering channels as well as in meandering compound channels 

but a very limited works is reported concerning flow structures in a doubly meandering 

compound channels. However, the studies on flow, shear force distribution and discharge 

predictions formulae are specific to the geometric and hydraulic conditions of the 

channels for which they have been developed. The focus of the present research is to 

address the following issues which are not discussed before.  

(a) Though some studies have been carried out in meandering compound channels by 

way of proposing mathematical equations to predict roughness coefficient, shear force 

sharing and discharge in meandering compound channels with different geometric ratios 

but very few methods can accommodate a varied geometric conditions. This issue is 

addressed in the current work by including a number of data points from previous 
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research works as well as present experimental works resulting the formulation of 

equations that are validated with meandering compound channels ranging from small 

scale channel models to a large scale natural river.  

(b) Review of literature indicates that soft computing techniques are being increasingly 

used to develop explicit equations for large quantity datasets. There are various soft 

computing techniques available among which gene-expression programming (GEP), 

multivariate adaptive regression splines (MARS), and Group Method of Data Handling 

(GMDH) have the capability of generating simplified equation without assuming a 

preceding form of the existing relationship (Babovic and Keijzer 2002; Cousin and Savic 

1997; Drecourt 1999; Karimi et al. 2015; Savic et al. 1999; Whigham and Crapper 1999; 

Whigham and Crapper 2001). In the field of river hydraulics, expressions are mostly 

derived either through analytical approaches or from 2D/3D Navier-Stokes equations 

which are quite complicated involving calibrationg coefficents that are difficult to 

predict. The present soft-computing techniques are simpler and better in their prediction 

capabilities. They are much accurate and adoptable to handle many parmeters than the 

regression techineques. Researchers have started using the GEP, GMDH and MARS to 

the field of hydraulics. Hence, in this research, such techniques have been utilized to 

predict various hydraulic parameters and compared with the traditional models. 

(c) From literature reviewes, it is seen that regular channel retains diversity in flow and 

surface conditions that need to be incorporated to develop a suitable model for predicting 

the shear force at various flood conditions which mainly depends upon the cross-

sectional shape and the structure of the secondary flow cells. Shear force is used to find 

the zero shear force or apparent shear force at any interface line originating from the 

junction of the floodplain and the main channel. The apparent shear force at the assumed 

interface plane also gives an insight into the magnitude of flow interaction between the 

main channel and the adjacent floodplains basing on which the merits of the selection of 

the interface plains for discharge estimation are decided. The conventional method of 

calculation of discharge in compound sections divides the channel into hydraulically 

homogeneous regions by plane originating from the junction of the floodplain and main 

channel, so that the floodplain region can be considered as moving separately from the 

main channel.  

Channel division method by horizontal, vertical, diagonal and inclined interface are 

generally used to separate a compound channel into hydraulic homogeneous zones. By 

considering momentum transfer, three approaches Modified divided channel method 
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(MDCM), Interacting divided channel method (IDCM) and coherence method have also 

used. Practically, in case of meandering compound channel, the interface length for both 

sides of the channel are different in size. Therefore, the interface lengths on either side 

of the meandering compound channel may be varied with the width of the respective 

floodplains with respect to its locations. So it is necessary to findout the position and size 

of interface lines for inner and outer zone separately in meandering compound channel.     
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Chapter 3 

3 Experimental Setup and Outcomes 

3.1 Introduction 

Generally, natural river data during flood are very difficult to record and hence the flow 

characteristics of the rivers may be simulated using small scaled model experiments in 

laboratory flumes. Evaluation of discharge capacity in meandering compound channels 

is a complicated process due to variations in geometry, channel alignments and flow 

conditions. Discharge carrying capacity is directly dependent on accurate prediction of 

velocity distribution in the compound channel. The present research work utilises the 

flume facility available at the Fluid Mechanics and Hydraulic Engineering Laboratory of 

the Civil Engineering Department at the National Institute of Technology Rourkela, 

India. The basic objective behind these experiments are to conceive better understandings 

on the variation of velocity distribution, boundary shear stress distribution, shear force 

sharing and discharge capacity. The following section provides a brief overview of 

details of hydraulic and geometric parameters of the present meandering compound 

channels, experimental arrangements, measuring equipment and procedure used in the 

experimentation process. 

3.2 Plan of Experimental setup 

3.2.1 Fabrication of Channels 

Experimental investigations were carried out in meandering compound channels with 

different sinuosity constructed at our department laboratory facilities. Three meandering 

channels with floodplain were cast out of 6–10 mm thick perspex sheets having 

roughness n 0.01 inside a flume of 10 m length, 1.7 m width and 0.25 m depth. Two 

numbers of 2-stage channels were constructed in which the main channel meandered 

with sinuosity (ratio of channel length to the down valley length) of 1.37 (NITR Type I) 

and 1.06 (NITR Type II) respectively and were flanked by straight floodplains on both 

sides. The third channel was a doubly meandering compound channel, where the main 

channel and floodplain levee meandered separately where, the sinuosity of main channel 

and floodplain were 1.37 and 1.06 respectively (NITR Type III). Details of the 
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experimental setup for these compound channels are given in Table 3.1. For a better 

understanding of the experimental setup of the three different compound meandering 

channels with channel parameters are shown in Fig. 3.1 where, tB  stands for the total 

width of the flume, B  the total width of the channel, b  the width of the main channel, 

h  the bankfull depth of main channel and H  the total flow depth in compound channel, 

MWB  the width of the meander belt, ob  the width of the outer floodplain, ib  the width of 

the inner floodplain and L  the total length of the flume. For a better understanding of the 

experimental channel setup, photographs of NITR Type I, Type II, and Type III 

meandering compound channels are shown in Fig. 3.2. 

Table 3.1. Description of geometric parameters of the three experimental channels. 

Sl. 

No 
Parameters NITR Type I* NITR Type II** NITR Type III*** 

(1) (2) (3) (4) (5) 

1 Type of Bed surface Smooth Smooth Smooth 

2 Bed Slope of the Channel  oS  0.001 0.001 0.001 

3 Angle of Arc of main channel  m  o60  o30  o60  

4 Angle of Arc of floodplain  f  0 0 o30  

5 Sinuosity of the main channel ( )mcs  

 

1.37 1.06 1.37 

6 Sinuosity of the Floodplain ( )fps  1 1 1.06 

7 Wavelength of the channel    2.23m 2.23m 2.23m 

8 Width  of the main Channel  b  0.28m 0.28m 0.28m 

9 Total width of the channel  B  1.67m 1.67m 1.35m 

10 Bankfull Depth of main channel  h  0.12m 0.12m 0.12m 

11 Width of outer Floodplain  ob  0.25m 0.52m 0.25m 

12 Width of inner floodplain  ib  1.14m 0.87m 0.82m 

13 Meander Belt Width  MWB  1.17m 0.61m 1.17m 

*Meandering compound channel of 
o60 sinuosity with straight floodplain wall; **Meandering compound 

channel of 
o30 sinuosity with straight floodplain wall; ***Doubly meandering compound channel. 
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Figure 3.1: Geometric configuration with channel parameters of Meandering Compound 

Channel (a) National Institute of Technology Rourkela (NITR) Type I 

channel; (b) NITR Type II channel; (c) NITR Type III channel. 

 
(a) 
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(b) 

 
(c) 

Figure 3.2: Photo of experimental channel setup (a) National Institute of Technology 

Rourkela (NITR) Type I channel; (b) NITR Type II channel; (c) NITR Type 

III channel. 
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3.2.2 Arrangement of Water Supply System   

For all meandering compound channels, the bottom width ( )b  and bankfull depth ( )h  of 

the main channel were 0.28 m and 0.12 m respectively. The bed slope was set by 

regulating the tailgate and was recorded as 0.001 from the difference of water depths for 

all the meandering channels. A movable bridge was placed across the flume in order to 

be able to cross over the flume to take measurements at different locations in the channel 

section. Water from the underground sump was pumped to an overhead tank from where 

the water flowed under gravity to the channel placed inside the flume. A measuring tank 

located at the end of the flume collected the water from the flume and fed the sump, thus 

establishing a complete recirculating water supply system. A closure valve is fitted at the 

downstream of the volumetric tank for regulation of flow during measurement. A 

schematic illustration of the experimental setup of the compound meandering channel is 

shown in Fig. 3.3. The three experimental channel sections were dedicated for measuring 

flow characteristcs, at the bend apex (section A), section B and crossover (section C) as 

shown in Fig. 3.3.  

 

Figure 3.3: Plan geometry of the experimental setup. 

3.3 Experimental Procedure 

The measuring equipment included a point gauge having a resolution of 0.1 mm for 

measuring the flow depth in the channels. A Vernier scale was attached with the point 

gauge having least count 0.1 millimeter. And the whole measuring device was fitted 

through a movable bridge and it was manually operated. For the measurement of flow 

depth, the flow should be laminar and uniform. Water from the overhead tank passes 
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through the stilling chambers and then across the baffle wall to reduce turbulence of the 

flow. To get a stable and accurate flow depth, a continuous idle run for 4 to 5 hours was 

required after which depth of flow was measured by the help of the point gauge. 

A Micro-pitot static tube of outside diameter 4.77 mm coupled with an inclined 

manometer (inclined at 43° with the horizontal) for measurement of pressure difference 

was placed at various predefined locations in the channel from which the point velocities 

of flow in the compound channels were computed. All of the readings were taken at the 

predefined grid points, as shown in Figure 3.4, at the bend apex, section B and a 

geometric crossover of the three types of channels (Figure 3.3). The differential pressure 

(∆P) was then calculated from the readings on the vertical manometer by using the 

following expression 

 sinP g H     (3.1) 

where P is the difference between the stagnation pressure and the wall static pressure, 

H  the difference between the two head readings from the dynamic and static pressure 

head, g  the acceleration due to gravity,   the density of water and   the angle of 

inclined manometer. Here the tube coefficient is taken as unit and the error due to 

turbulence is considered negligible. 

 

Figure 3.4: Grid Arrangement of Points for experimental measurements across the 

channel section. 

The Manning’s n  for the perspex sheet channel boundary is experimentally determined 

as 0.01. For this, the in-bank flow in the meandering main channel is collected in the 

volumetric tank located at its end. From the time-rise data of the water level in the 

volumetric tank, the discharge rate is computed. By knowing the channel cross-sectional 

area and the wetted perimeter, Manning’s n  is computed for four consecutive depths of 
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flow, and the mean value of n  is computed as 0.01 [(0.0088+0.0096+0.0104+0.012)/4], 

which is found to be close to its value given various handbooks for the type of bed 

materials. Experimental sections of meandering compound channels were divided into 

seven different boundary segments and named as F-1 through F-7, which is shown in 

Fig. 3.5. The differential pressure at different position as described in Fig. 3.4 for each 

boundary segment of various sections of the meandering compound channels were 

calculated from which velocities and boundary shree stress were calculated.  

 

Figure 3.5: Configuration of boundary segments for the experimental section of the 

meandering compound channel. 

3.3.1 Determination of Bed Slope 
o

( )S  

In the present research work, the bed slope was determined by the help of peizometric 

tube which was a water level indicator. By taking reference as bed of the channel 

peizometric water level was recorded at both upstream and downstream of the channel 

which was 10 m apart. The vertical distance between the bottom bed excluding the 

Perspex sheet thickness to the water level was noted for both upstream and downstream 

referral point. The channel bed slope was determined by the ratio of difference of levelled 

heights to the longitudinal distance between upstream and downstream points along the 

channel centre line. For obtaining accurate and better result the same procedure was 

repeated for 3 times to get an average bed slope. For this case, the bed slope was found 

to be 0.001. 

3.3.2 Establishment of Quasi-Uniform Flow 

At the downstream, a tail gate arrangement is provided to control the depth of flow and 

to achieve quasi-uniform flow in the channel. Ideally, open channel flow investigations 
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are considered under uniform flow conditions where the water surface slope or friction 

slope ( )fS is maintained equal to bed slope o( )S . Maintaining this condition is quite 

difficult for the case of meandering channels, for which the condition of a quasi-uniform 

flow is maintained.  

       To maintain the surface slope, gauges at three different reaches are arranged, namely 

the second, third and the fourth bend apex sections. If the depth of flow in the 

downstream section is greater than the upstream one, the tailgate needs to be opened. In 

the case, if the upstream section has higher depth of flow to the downstream, the tailgate 

needs to be closed. The procedure is repeated such that all the three gauges give equal 

depths of flow. Thus, the flow can be assumed to be fully developed and uniform. Hence 

a quasi-uniform flow condition is obtained where water surface slope is parallel to the 

valley slope, at the meander wavelengths. These conditions are controlled foe at-least 4 

hours before conducting the experiments for each depth of flow. 

3.4 Stage-discharge relationship  

A measuring tank at the downstream end of the flume records the rate of discharge 

through time rise method. The volumetric tank was built at the downstream of the channel 

for the collection of water from the channel. For a desired flow depth, the outlet valve 

was closed so that the incoming water could be stored in the volumetric tank. After a 

continuous rise in the peizometric tube, placed near at the volumetric tank, the time taken 

for the rise of 1 cm was noted down by stop watch. The same procedure was followed 

for 10 to 15 times for the next rise of 1 cm. To calculate the observed discharge, the area 

of the volumetric tank was multiplied with 1 cm rise divided by averaged time by 

stopwatch giving rise to actual rate of discharge in the channel. A details of experimental 

flow conditions for the compound meandering channels are shown in Table 3.2.  

The normal depths of flow for different discharges ranging from 0.003 m3/s to 0.073 m3/s 

were measured to get the stage-discharge relationship (Fig. 3.6).  The remarkable feature 

of the stage-discharge relationship is the rate of increase in discharge just above the bank 

full depth, which is higher than that of inbank flow. The outcomes obtained from the 

series of experiments (NITR Type-I, II and III) and the relationship between stage and 

discharge are presented in Figs. 3.6. At the sections of meandering compound channel, 

the stage-discharge relationship gradually increases in the overbank flow condition for 

relative flow depth ( )β  0.04 to 0.38. This is due to variation in cross-sectional geometry. 



Chapter 3                                                                     Experimental Setup and Outcomes 

41 

Table 3.2. Details of Experimental Flow Conditions 

Meandering 

Compound 

Channel Type 

Flow 

Condition 
Depth of Flow (m) Discharge (m3/s) 

(1) (2) (3) (4) 

NITR Type I 

Inbank 0.017, 0.03, 0.038, 

0.0501, 0.07, 0.079, 

0.0876, 0.099, 0.1075 

0.003, 0.0062, 0.0073, 

0.01, 0.013, 0.0145, 0.016, 

0.0184, 0.021 

Overbank 0.125, 0.138, 0.15, 

0.17, 0.18, 0.195 

0.022, 0.0248, 0.0325, 

0.0522, 0.061, 0.0727 

NITR Type II 

Inbank 0.0501, 0.07, 0.0876, 

0.1065 

0.0048, 0.0084, 0.0124, 

0.0185 

Overbank 0.125, 0.138, 0.15, 

0.17, 0.195 

0.0202, 0.0236, 0.0286, 

0.0438, 0.0586 

NITR Type III 

Inbank 0.017, 0.03, 0.038, 

0.0501, 0.07, 0.079, 

0.0876, 0.099, 0.1075 

0.003, 0.0062, 0.0073, 

0.01, 0.013, 0.0145, 0.016, 

0.0184, 0.021 

Overbank 0.125, 0.138, 0.15, 

0.16, 0.17, 0.18, 0.195 

0.0179, 0.0184, 0.021, 

0.025, 0.027, 0.035, 0.050 

            A common trend line both for in-bank and overbank stages results a poor fit line. 

Therefore, two separate trend lines have been used for inbank and over bank flow 

condition and the best-fitted trend lines are found to be different, i.e., power function and 

logarithmic function respectively with high R2 value as shown in Fig. 3.6 (a). It is also 

observed that decrease in sinuosity of main channel increases the stage-discharge 

relationship of the meandering compound channel (Fig. 3.6 a). It is noticeable that during 

the inbank flow condition the stage-discharge trend line is a power function with R2=0.99 

and for overbank flow condition, the best trend is with a logarithmic function which 

provides R2 as greater than 0.98 in case of meandering compound channel for various 

sinuosity of main channel (NITR Type I and II channel).  

In case of doubly meandering compound channel (NITR Type III), floodplain levee 

changes from straight to meander in nature, which leads to decrease in floodplain width 

and increase in discharge (Fig. 3.6 b). Figure 3.6 (b) shows the comparison of stage-

discharge relationship for meandering compound channels by varying sinuosity of 

floodplain levee with constant meandering main channel. By varying the floodplain 

sinuosity, the gradient of stages at overbank flow cases for different discharges are found 

to be increasing faster than floodplain having straight levee. 
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(a) 

 
(b) 

Figure 3.6: Stage–discharge relationship for the meandering compound channel (a) by 

varying sinuosity of main channel; (b) by varying sinuosity of floodplain. 

3.5 Variation of Resistance Coefficient with Relative Flow 

Depth 

The flow resistance is usually represented through a resistance coefficient such as the 

Manning’s roughness coefficient n, Chezy’s coefficient C or Darcy-Weisbach friction 

factor f (Martin et al. 1991; Yang et al. 2007; Yen 2002). These coefficients are 

interrelated as 
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Manning’s equation is used to compute the value of n , which is given as 

 

2 1

3 2
oR S

n
V

  (3.3) 

where V  is the mean velocity of flow for the compound channel, oS  the bed slope of the 

channel, and R  the hydraulic radius. It is known that Manning’s n  increases slightly 

with the depth of flow in a channel representing a lumped response to all of the flow 

resistances. The variation of Manning’s coefficient n  with the relative depth are 

presented in Fig. 3.7. The value of n  for overbank flow is found to increase with the 

increase of relative depth for the compound meandering channels of NITR type I, II and 

III following the previous research work on meandering compound channels of Khatua 

(2007), Knight and Hamed (1984), and Patra (1999). Details of hydraulic parameters and 

the Manning’s n  values are discussed in Table 3.3. 

 

Figure 3.7: The relationship of Manning’s n  with relative depth ( ) . 

Experimental results indicate that the variation of resistance coefficients with the flow 

depth are different for overbank flows for meandering compound channels. For the in-

bank flows, the Manning coefficient is approximately constant of 0.01. Yang et al. (2007) 

also observed that Manning’s n  is a function of flow depth. In the meandering 

compound channel, the Manning’s n  increases with increasing flow depth.  
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Table 3.3: Details of Hydraulic Parameters of the Experimental Channel Dataset. 

Data 

Source 

Flow Depth, 

H  (m) 

Meander 

Belt Width 

Ratio 

( / )MWB B  

 = 

/B b

 

 =                                                                                                      

H h

H


 

Sinuosity 

ratio 

m
r

f

s
s

s

 
 

 
 

 

Discharge 

Q  (m3/s) 

Manning’s 

n  

(1) (2) (3) (4) (5) (6) (7) (8) 

NITR 

Type I 

0.138 0.70 5.96 0.13 1.37 0.0248 0.0087 

0.150 0.70 5.96 0.20 1.37 0.0325 0.0099 

0.170 0.70 5.96 0.3 1.37 0.0522 0.0107 

0.195 0.70 5.96 0.38 1.37 0.0727 0.0125 

NITR 

Type II 

0.138 0.36 5.96 0.13 1.06 0.0236 0.0095 

0.150 0.36 5.96 0.20 1.06 0.0286 0.0114 

0.170 0.36 5.96 0.3 1.06 0.0438 0.0128 

0.195 0.36 5.96 0.38 1.06 0.0586 0.0157 

NITR 

Type III 

0.138 0.87 4.82 0.13 1.29 0.0184 0.0107 

0.150 0.87 4.82 0.20 1.29 0.0214 0.0137 

0.170 0.87 4.82 0.3 1.29 0.0346 0.0141 

0.195 0.87 4.82 0.38 1.29 0.0496 0.0150 

3.6 Measurement of Velocity Profile  

As the channel consists of four consecutive meander waves, the measuring reach has 

been selected at a distance of 4.103 m from the beginning of the compound channel to 

ensure fully developed and stable flow condition. For the present study, three sections 

are considered such as bend-apex, entrance of bend as section B and cross-over. The 

local velocities were measured across the entire cross section, laterally every 50 mm and 

vertically at 0.2h, 0.4h, 0.6h, 0.8h, 0.9h level where “h” is the height of water for a 

particular section in the channel. The different position of experimentation or grid points 

of a particular section is shown in Fig. 3.4. The local velocities are measured at the pre 

defined nodes located at different depths across a channel section for the longitudinal 

flow through a Micro-pitot static tube.  

The Micro-Pitot static tube used in the measurement has outside diameter of 4.77 

mm which are normal to the flow direction was used to determine the longitudinal 

velocity (V) at the predetermined grid point. An inclined manometer (inclined at 43° with 

the horizontal) consisting of a pair of piezometer open to the atmosphere is used to 

measure the pressure difference. The main or total pressure hole at the bull-nosed tip of 

the Pitot tube is faced to the flow direction and the total pressure limb is attached to one 

piezometer end of the manometer to provide total pressure. At the same time, the static 

pressure hole around the circumference of the tip gives the static pressure when the static 
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pressure limb of the tube is connected with other piezometer end of the manometer 

through long transparent PVC tube (Fig. 3.8). The static and total pressures are thus seen 

as the height of water levels in two piezometer ends of the manometer. Then the dynamic 

pressure at the required point is measured from the difference in water elevation 

(∆ℎ) marked in two piezometers by Bernoulli’s equation; 

 2 p
V




  (3.4) 

where V is the velocity,  the density of water, p  the difference between total pressure 

and static pressure (Eq. 3.1) and g the acceleration due to gravity. Then streamwise 

velocity at any point (V) can be obtained as 

 2V g h sin   (3.5) 

where is the angle of the inclined manometer with the horizontal. During 

measurements by Pitot static tubes, it was ensured that no air bubble remained anywhere 

inside the transparent PVC pipe.  

  
(a)                                                      (b) 

Figure 3.8: Photograph of (a) Inclined manometer; and (b) Micro-Pitot static tube. 

For achieving this, continuous flow of water is maintained from the submerged 

tip of Pitot tube end to the piezometer. A miniature exhaust pump is used for a while for 

sucking the air out of the system. Also for the prevention of fluctuation in pressure 

measurement, the end of the Pitot tube was allowed to remain stationed at that point (each 

velocity reading for a particular grid point) for at least 3 minutes as liquid columns in 

both the piezometers for accurate measurement of pressure difference for about that 

period before remaining stable. 
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3.6.1 Lateral Distribution of Longitudinal Velocity profile 

Variation of longitudinal velocity profile at bendapex for different inbank flow having 

depth ratio (Dr=H/h) of 0.42, 0.58, 0.74, and 0.89 for NITR Type I, and NITR Type II 

channels are shown in Fig. 3.9. For overbank flow conditions, variations of longitudinal 

velocity profile at bendapex having various depth ratios (Dr = (H-h)/H) or relative depths 

( ( ) )H h H    (Dr or  = 0.13, 0.2, 0.3 and 0.38) of NITR Type I, NITR Type II, and 

NITR Type III channel are shown in Fig. 3.10 through Fig. 3.12.  

 
(a) 

 
(b) 

Figure 3.9: Lateral Distribution of Longitudinal Velocity profile for Inbank flow at 

Bendapex for various depth ratios of channels (a) NITR Type I; (b) NITR 

Type II. 

 

(a) 
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(b) 

 
(c) 

Figure 3.10: Lateral Distribution of Longitudinal Velocity profile at Bend-apex for 

various relative depths for overbank flow of NITR Type I channel at (a) 

Outer Floodplain; (b) Main Channel; (c) Inner Floodplain. 
 

 
(a) 

 
(b) 
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(c) 

Figure 3.11: Lateral Distribution of Longitudinal Velocity profile at Bend-apex for 

various relative depths for overbank flow of NITR Type II channel at (a) 

Outer Floodplain; (b) Main Channel; (c) Inner Floodplain. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.12: Lateral Distribution of Longitudinal Velocity profile at Bendapex for 

various relative depths for overbank flow of NITR Type III channel at (a) 

Outer Floodplain; (b) Main Channel; (c) Inner Floodplain. 
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3.6.2 Depth-averaged Velocity Measurement 

Depth averaged velocity ( )dV  is a very important parameter in all compound channel 

studies and needs to be measured with sufficient accuracy to determine its distribution 

across the flow section for various relative depths ( )  so as to estimate the discharge 

more accurately. The depth-averaged velocity distribution in a cross section was 

measured at different experimental sections of the compound meandering channels. The 

depth-averaged velocity ( )dV  is defined by the equation 

 
0

1 H

dV Vdy
H

   (3.6) 

where V is a local point velocity in the streamwise direction, dy is the vertical distance 

between the different points. For the entire over bank cases, the longitudinal velocities at 

every grid point on a vertical section are integrated over the corresponding flow depth to 

give the depth-averaged velocity magnitude for that vertical section. Then, depth-

averaged velocity distribution is plotted by joining the obtained Vd  values along the 

lateral direction of main channel and floodplain. A typical vertical velocity profile and 

depth-averaged velocity in an open channel are demonstrated in Fig. 3.13. The values of 

the lateral distribution of Vd  require to be measured with precision to determine the flow 

distribution over the subsections. Values of discharge were obtained by integration of the 

depth-averaged velocities, a value specified as Qexp. Individual depth-average velocities 

were then adjusted over the cross-section to give the same overall discharge rate as 

measured in the volumetric tank by time rise method. The percentage error in discharge 

(%Qerror) was then calculated using the following equation. 

 
 exp

% 100
actual

error

actual

Q Q
Q

Q


   (3.7) 

The %Qerror values were small and generally within ±5%, otherwise the experiments were 

repeated. While providing useful information on individual flow in each domain, the 

depth-averaged velocity distribution is also used greatly for the estimation of boundary 

shear stress across the channel as well as for the total discharge. Thus for all the channels, 

depth-averaged velocities are measured under varying flow depths over main channels 

and floodplains. 
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Figure 3.13: Vertical velocity profile and depth-averaged velocity in an open channel. 

Depth averaged velocity at a particular section in a channel can be approximated 

to the point velocity measured at a flow depth of 0.4H from the channel bottom or at 

0.6H from the water surface (Chaudhry 2008; Rantz 1982). The experimental results of 

depth averaged velocity for different inbank flow conditions having depth ratios (Dr) as 

0.42, 0.58, 0.74 and 0.89 of the NITR Type I and NITR Type II meandering channel at 

bendapex are shown in Fig. 3.14. Similarly, over floodplains the depth averaged velocity 

is to be taken as the velocity magnitude of the flow at a point lying at a flow depth of 0.4 

( )H h  where h is the bankfull depth main channel.  

   
(a)                                                                     (b) 

Figure 3.14: Lateral distribution of Depth averaged velocity for inbank flow at bendapex 

of Channels (a) NITR Type-I; (b) NITR Type II. 
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(a)                                                                   (b) 

 
(c) 

Figure 3.15: Lateral distribution of Depth averaged velocity for overbank flow at 

bendapex of various channels (a) NITR Type I; (b) NITR Type II; (c) 

NITR Type III. 

Thus for the meandering compound channels depth averaged velocities were measured 

under various overbank flow depths. The experimental results of depth averaged velocity 

for different depth ratios (Dr= 0.13, 0.2, 0.3 and 0.38) of the NITR Type I, NITR Type 

II, and NITR Type III meandering compound channels at bend-apex are shown in Fig. 

3.15 (a), (b), and (c), respectively.  

3.6.3 Velocity Contours 

Variation of longitudinal velocities across the channel sections can be represented in 

terms of velocity contours. Velocity contours plots are generated through Surfer golden 

software by using Kriging gridding method, for smoothening of the plots (Golden 

Software 2002). For NITR Type I, NITR Type II, and NITR Type III meandering 
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compound channels, velocity counters at bendapex and crossover sections for a flow 

depth of 0.17 m i.e Dr = 0.3 are shown in Fig. 3.16 through 3.18. Figure 3.16 shows the 

longitudinal velocity contours at bendapex and crossover for depth ratios (Dr) as 0.3 in 

case of NITR Type I meandering compound channel having straight floodplain levee. 

Figure 3.17 shows the longitudinal velocity contours at bendapex, and crossover, 

respectively NITR Type II channel having straight floodplain levee. In case of doubly 

meandering compound channel (NITR Type III), the velocity contours are shown in Fig. 

3.18 at different channel section in longitudinal flow direction for various depth ratios.  

 
(a) 

 
(b) 

Figure 3.16: Velocity Contours for the depth ratio (Dr) as 0.3 of NITR Type I channels 

at (a) Bendapex; (b) Crossover. 

 
(a) 
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(b) 

Figure 3.17: Velocity Contours for the depth ratio (Dr) as 0.3 of NITR Type II channels 

at (a) Bendapex; (b) Crossover. 

 
(a) 

 
(b) 

Figure 3.18: Velocity Contours for the depth ratio (Dr) as 0.3 of NITR Type II channels 

at (a) Bendapex; (b) Crossover. 

From the contours of longitudinal velocities (Fig. 3.16 through Fig. 3.18) for the 

meandering compound channels, it is observed that at Bend-apex the lowest velocity 

contour lines are found nearer to outer floodplain wall. Here, increasing trends of velocity 

fields shown towards the inner side of the channel. Also at bend apex, the highest velocity 

fields are shown nearer to the inner floodplain wall as it is near to the convex meander 

wall. The maximum value of stream wise velocity lies near the free surface and towards 

the inner flood plain. As move from bend apex to Cross over, the width of right floodplain 

(inner floodplain) gradually decreases and velocity filament tends to retard to the main 

channel i.e. the floodplain flows enters into the main channel and mixing occurs at 
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interface. As we move from bend-apex to cross-over, it is observed that the highest 

velocity field moves toward the outer wall of main channel and the outer floodplain 

region. At bend apex section, the maximum velocity field occurs near the inner floodplain 

wall as it is nearer to the convex side of meander wall. 

3.7 Distribution of Boundary Shear Stress  

There are several methods available for measuring of boundary shear stress 

experimentally. The boundary shear stress, bτ  was obtained from differential pressure 

( )P  between the dynamic and static pressures in the Preston tube at the boundary using 

the Preston tube technique (Preston 1954). Distribution of longitudinal boundary shear 

stress was computed at the bend apex (section A), Section B and cross-over (section C) 

for different flow depths. The simplest and the most convenient method of measuring the 

boundary shear stress is by using the Preston tube (Preston 1954), which is based on the 

assumption of the inner law (i.e., ~ 15% of the boundary layer thickness) relating the 

local shear to the velocity distribution near the wall. The non-dimensionalised 

relationship between Preston tube reading, P , and the shear stress,   is of the form 

 2 2

2 24 4

d Pd
F



 

 
  

 
 (3.8) 

where d = outer diameter of Preston tube and F = function determined experimentally. 

Computation of boundary shear stress was carried out with the help of Patel’s method of 

calibration (Patel 1965). The revised calibration of the Preston tube for smooth surfaces 

was given in the form of an equation for a particular flow range (Knight and Hamed 

1984; Knight and Patel 1985; Patra and Kar 2000; Sankalp et al. 2015; Sin et al. 2012) 

as 

For 3.5< *y <5.3 * * *2log(1.95 4.10)x y y    (3.9) 

For 1.5< *y <3.5 
2 3* * * *0.8287 0.1381 0.1437 0.006y x x x     (3.10) 

For *y <1.5 * *1
0.037

2
y x   (3.11) 

where  * 2 2log 4x Pd    and  * 2 2log 4 .y d   Due to the wide range of the 

flow parameters in the present series of experiments, the value of *y  occurred in the two 

ranges 1.5 < 
*y < 3.5 and 3.5 <

*y < 5.3. The appropriate relationship is used in each case 

to compute the boundary shear stress for smooth surfaces. 
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Shear are calculated from velocity measurements at the boundary of bend apex 

(Section A), Section B, and Crossover (Section C) for both inbank and overbank flow 

conditions. For the present experimental runs the boundary shear stress distributions are 

shown across the main channel beds and side walls at bendapex, section B and geometric 

crossover for various inbank flow conditions having depths of flow of 0.0501 m, 0.07 m, 

0.0876 m and 0.1065 m i.e. depth ratios (Dr) as 0.42, 0.58, 0.74 and 0.89, respectively. 

Distribution of boundary shear stress for various inbank conditions for NITR Type I, and 

NITR Type II channels at bendapex are presented in Fig. 3.19. For the present 

experimental runs of overbank flow conditions, the boundary shear stress distributions 

are shown across the channel beds and side walls at bendapex for various flow conditions 

for depths of 0.138m, 0.15m, 0.17m and 0.195m i.e. relative flow depths ( )  as 0.13, 

0.2, 0.3 and 0.38, respectively. The shear stress results are presented by the stress curves 

perpendicular to all the seven subsections of the meandering compound channels i.e. 

NITR Type I, II and III channels as in Fig. 3.20 through Fig. 3.22. In case of NITR Type 

I meandering compound channel with straight floodplain levee and 60o meandering main 

channel, the boundary shear stress distribution is calculated at bendapex for various 

relative depths, which is shown in Fig. 3.20. Similarly, in case of NITR Type II 

meandering compound channel with straight floodplain levee and 30o meandering main 

channel, the boundary shear stress distribution is calculated at bendapex for various 

relative depths, which is shown in Fig. 3.21. In case of doubly meandering compound 

channel (NITR Type III) having 60o meandering main channel and 30o sinuosity 

floodplain levee, the boundary shear stress distribution is calculated at bend-apex for 

various relative depths are shown in Fig. 3.22. 

From the above boundary shear stress distributions, it is observed that by 

increasing flow depth, the boundary shear also increases. Due to variation of water level 

or flow depths, variations of shear stress in these sections are seen to be inconsistent. At 

bend-apex, the shear stress although remaining higher towards the inner wall, the 

variation of shear stress between the inner and outer walls is observed to be gradual.  
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 (a) 

 
(b) 

Figure 3.19: Distribution of boundary shear stress for inbank flows at bendapex of 

channels (a) NITR Type I; (b) NITR Type II. 
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3.8 Distribution of Shear Force 

Boundary shear stress and its distribution are significant for hydraulic studies in open 

channel flow. The shear force of each boundary segment of various sections of the 

meandering compound channels are measured by calculating shear stress at channel 

boundary. Experimentally determined distributions of shear stress at wall ( )w  and at 

bed ( )b  values are integrated over the entire perimeter to calculate the shear force 

normal to the flow cross-section. Boundary elements of meandering compound channels 

were separated into the seven different boundary segments, which is shown in Fig. 3.5. 

At each section, the shear force at the outer floodplain wall (F1), outer floodplain bed 

(F2), outer wall (F3), main channel bed (F4), inner wall (F5), inner floodplain bed (F6) 

and inner floodplain wall (F7), separately are calculated as 

 ,           1,  2,  3,....7Fi
Fi

SF dp i   (3.12) 

where SF represents the shear force for Fi  subsections of compound channel section, τ  

the shear force. The percentage of shear force is calculated by dividing the shear force of 

individual boundary segments with the total shear force of the entire wetted perimeter. 

The percentage of shear force in the floodplain (% )fpS  is measured by the summation of 

shear force at subsection F1 (outer floodplain wall), F2 (outer floodplain bed), F6 (inner 

floodplain bed), and F7 (inner floodplain wall). Similarly, the percentage of shear force 

in the mainchannel (% )mcS  is calculated by the summing up shearforce of subsection F3 

(outer wall), F4 (main channel bed), and F5 (inner wall).  

Boundary shear stress were calculated at the boundary of bend apex (Section A), 

Section B, and crossover (Section C) for various overbank flow conditions. For this 

experimental runs, the boundary shear stress distributions ( )  were calculated across the 

compound channel beds and walls at flow depths of 0.138 m, 0.15 m, 0.17 m and 0.195 

m i.e. relative flow depths ( ) = 0.13, 0.2, 0.3 and 0.38 respectively. By calculating 

boundary shear stress ( ) at each channel boundary, the shear force percentage,%S  of 

each boundary segment at various sections of the meandering compound channels were 

found out. Shear force distribution at individual seven segments of various experimental 

compound sections for three different meandering compound channels are shown in 

Figures. 3.23, 3.24 and 3.25, respectively.  
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(a)                                                                      (b) 

Figure 3.23: Distribution of Percentage Shear Force per unit length (% / )S l  at each 

Subsection of NITR Type I Meandering Compound Channel at (a) 

Bendapex; (b) Crossover. 

  

(a)                                                                     (b) 

 

(c) 

Figure 3.24: Distribution of Percentage Shear Force per unit length (% / )S l  at each 

Subsection of NITR Type II Meandering Compound Channel at (a) Bend-

apex; (b) Section-B; (c) Cross-over. 
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(a)                                                                      (b) 

 

(c) 

Figure 3.25: Distribution of Percentage Shear Force per unit length (% / )S l  at each 

Subsection of NITR Type III Doubly Meandering Compound Channel at 

(a) Bend-apex; (b) Section-B; (c) Crossover. 

Distribution of percentage of shear force per unit length (% / )S l  at bendapex for 

NITR Type I channel is shown in Fig. 3.23 (a). It can be seen that at the bend-apex, the 

distribution of shear force per unit length (% / )S l at all surfaces follow the same pattern. 

However, there is a gradual decrease of shear force percentage with the increase in depth 

of flow at the inner floodplain wall. Similarly, distribution of percentage of shear force 

per unit length for NITR Type I meandering compound channel at crossover is shown in 

Fig. 3.23 (b). Variation of percentage of shear per unit length is the highest at the inner 

floodplain bed than its wall, contrary to the distribution pattern at the bend-apex. 
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Figures 3.24 (a), (b) and (c) show the distribution of percentage of shear force per 

unit length (% / )S l  for NITR Type II channel. In contrast to Fig. 3.23, the values of 

percentage shear force per unit length for main channel cross section is more than its 

floodplain. In this typical geometry case, the shear force carried out by main channel bed 

and walls are much higher than the combined bed and walls of floodplain. And the 

quantum of shear force carried by the main channel walls and bed are found to be 

decreasing with increase in the depth of flow over floodplain at bend-apex as well as at 

the crossover. 

Figure 3.25 (a), (b) and (c) shows the distribution of percentage of shear force per 

unit length for NITR Type III channel, where main channel sinuosity is o60 and 

floodplain walls also have sinuosity of o30 . It is interesting to know that for this case, at 

bend-apex, the inner floodplain bed and wall carries higher shear force than the outer 

floodplain wall and bed. The intensity of shear force in the inner floodplain bed gradually 

reduces with increasing depth, while at the inner floodplain wall, it gradually increases. 

However, at the geometric crossover, the intensity of shear force percentage is found to 

be constantly higher than the inner floodplain surfaces.  

3.9 Summary  

An experimental investigation is carried out to observe the velocity and boundary 

shear stress distribution in three types of meandering compound channel by varying the 

sinuosity of main channel and floodplain levee. Analysis is carried out to find the effect 

of sinuosity on velocity and boundary shear by changinging the floodplain levee from 

straight to meander in nature. Velocity distributions are found to remain higher towards 

the inner wall of the sections, in and around the bend apex region of the meander path. 

This observation is distinctively similar for all the channels with different main channel 

sinuosity. 

For overbank flow cases at low relative depth, the main channel flow and floodplain flow 

is in sharp contrast with each other. The flow in main channel is affected by slow moving 

floodplain flow due to the sharp difference in the magnitudes of average velocity in the 

floodplains. The velocity magnitude in central main channel region is much higher as 

compared to initiation of flow over the floodplains. This interaction effect seems to be 

more pronounced at low overbank cases as compared to higher flow depths as shown in 

Figure 3.15. The rise in flow depth causes more flow to occur over the floodplains and 
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the floodplain flow is found to be having almost equal velocity magnitude as compared 

to that of the main channel flow velocity.  

For meandering compound channels with low sinuosity, the higher velocity contours are 

found to be occurring near the inner part of main junction for low flow depths. When 

depth of flow increases, the higher velocity shifts towards the center of the floodplain at 

the highest relative flow depth. The velocity contour spreads the upper region pf inner 

floodplains for higher sinous channel. This happened because of more centrifugal action 

of sinusoidal channel at the bend apex. For double meandering compound channel high 

velocity occurs at inner floodplain bend due to meandering levee effect which contracts 

the results of meandering compound channel with straight floodplain levee. 

In all meandering compound channel cases, it is seen that for lower relative flow depths, 

due to the vicious interaction among the faster moving main channel flow and the slower 

moving floodplain flow once again the effect of momentum transfer is noticeable in 

longitudinal velocity magnitudes. The variation between the magnitudes of the slowest 

moving liquid as in the far side of the left floodplain and that of inner main channel liquid 

is evident from the isovels. The rising flow depth as in other three overbank cases 

gradually reduces this effect. Also as compared to the first two cases where the main 

channel flow is influencing the floodplain flow to a large extent, in higher overbank depth 

cases the floodplain flow is rather less affected due to the main channel flow.  

From the figure it is also seen that, the depth-averaged velocity is prominent higher 

magnitude are found towards corner of the inner floodplain. There is a gradual decrease 

of the value while going towards the outer part of the channels for meandering compound 

channel with straight floodplain levee. There is a sudden full of depth averaged velocity 

occur near the junction. It is deduced, from present experimental analysis, that the effect 

of meandering levee is more for higher depth at the bend apex and the crossover sections. 

For the boundary shear stress distributions, it is observed that by increasing flow 

depth boundary shear also increases. In inbank flow condition, the shear stress is more at 

nearer to the inner side of main channel bed and inner wall. The experimental results of 

overbank flow conditions show that at bend-apex, the shear stress remain higher towards 

the inner floodplain bed and wall.  

The shear force carried out by main channel bed and walls are much higher than 

the combined bed and walls of floodplain. And the quantum of shear force carried by the 

main channel walls and bed are found to be decreasing with increase in the depth of flow 

over floodplain at bend-apex as well as at the crossover. For the double meandering 
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compound channel, at bend-apex, the inner floodplain bed and wall carries higher shear 

force than the outer floodplain wall and bed. The intensity of shear force in the inner 

floodplain bed gradually reduces with increasing depth, while at the inner floodplain 

wall, it gradually increases. However, at the geometric crossover, the intensity of shear 

force percentage is found to be constantly higher than the inner floodplain surfaces.  
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Chapter 4 

4 Calculation of Flow Resistance in 

Meandering Compound Channel 

4.1 Introduction 

Flow process in a river is complex and 3D in nature, which affects the turbulent processes 

and momentum transfer between the main channel and floodplain in the overbank flow 

conditions. The nature of the channel bed, as well as other geometric and hydraulic 

parameters, control the roughness coefficient in meandering channels. Accurate 

estimation of Manning’s roughness coefficient ( )n  plays an important factor in flood 

conveyance estimation. Manning’s n  not only represented bed roughness, but also 

signifies the total resistance to flow. In river engineering, the Manning’s roughness 

coefficient ( )n  plays a vital role in the computation of flood discharge, velocity 

distribution, designing structures, calculating energy losses (Azamathulla et al. 2013; 

Bilgil and Altun 2008), and other hydraulic parameters. There are various elements that 

affect the roughness coefficient, e.g., bed roughness, the slope of the bed, the geometry 

of the channel and other hydraulic parameters. To evaluate the accurate flow, it is needed 

to know the flow contribution in main channel and floodplain. Due to flow variation 

occurring in such channels, the subsectional flow changes there by causing roughness 

variation along each boundary of the channel.  

In one-dimensional flow analysis, the usual practice is to select an appropriate 

value of roughness coefficient for evaluating the carrying capacity of a channel. This 

value of roughness is taken as a uniform for the entire surface and for all depths of flow. 

In the recent years, many types of research have been conducted for determining 

Manning’s friction coefficient using direct and indirect methods. An improper resistance 

coefficient can either underestimate or overestimate the discharge. Various equations 

were reported for getting the discharge in simple channels using Manning’s n , Chezy’s 

C  and Darcy-Weisbach’s f  (Te Chow 1959) but those equations do not perform well 

while predicting discharge in meandering compound channels. A significant amount of 

research was carried out for selection of roughness coefficients for discharge calculation 

in an open channel, and many had proposed their equations (Arcement and Schneider 
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1989; Barat et al. 2013; Barati 2013; Barati et al. 2012; Cowan 1956; Fasken 1963; James 

and Wark 1992; Jarrett 1984; Jena 2007; Khatua et al. 2011b; Khatua et al. 2012; 

Limerinos 1969; Mailapalli et al. 2008; Shiono et al. 1999; Xia et al. 2012; Yen 1992).  

There is a lot of uncertainty in river engineering problems related to the flood 

forecasting and flood flow analysis. However, during high stages measuring flows in 

wide rivers using current meters is time-consuming and risky. Under these 

circumstances, the data-driven model or machine learning algorithms (MLAs) is 

extensively used as the alternative approach for predicting the flow properties. Recently, 

the MLAs such as Genetic algorithm (GA), gene-expression programming (GEP), 

multivariate adaptive regression splines (MARS), support vector machines (SVM), 

model tree (MT), group method of data handling (GMDH), and K-nearest neighbors 

(KNN) have been successfully used to solve variety of problems relating to water 

resources, hydraulic and hydrological engineering fields (Bonakdari et al. 2011; Deo and 

Sahin 2015; Genc and Dag 2016; Mehdizadeh et al. 2017a; Milukow et al. 2018; 

Mohanta et al. 2018; Najafzadeh et al. 2018; Rasmussen and Nickisch 2010; Samui et al. 

2011; Shende and Chau 2018; Varvani and Khaleghi 2018). 

Only a few studies exist in the literature, related to the use of data driven models 

in the field of river engineering. Giustolisi (2004) determined Chezy resistance 

coefficient in grooved channels by using GEP. Azamathulla et al. (2013) modelled 

Manning’s n  with the help of GEP, showing the superiority of the GEP than other 

traditional models. Moharana et al. (2014) used ANFIS to model the roughness 

coefficient of meandering channels and shown the dependency of hydraulic, geometric 

and roughness parameters on Manning’s n . Pradhan and Khatua (2017b) modelled the 

equation for Manning’s n  and estimated discharge of meandering compound channels 

by using GEP. Recently, Mohanta et al. (2018) used GMDH, MARS and SVR for 

modelling Manning’s roughness coefficient in meandering compound channel. 

The study demonstrated the equations for predicting Manning’s correction factor 

n n  by using various data driven model such as Multivariate Adaptive Regression 

Spline (MARS), Group Method of Data Handling Neural Network (GMDH-NN), Gene-

expression programming (GEP), Support vector regression (SVR) and further discharge 

calculation for natural streams. The data used in present study is achieved by small-scaled 

model experimental setup performed at NIT Rourkela, India and collected datasets of 

previous researchers, which are having similar geometry. The five observational non-
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dimensional parameters such as the width ratio ( / ),B b   relative depth

( ( ) / )H h H   , sinuosity ratio ( )rs , channel bed slope o( )S  and meander belt width 

ratio ( )MWB B   are used as inputs to model for predicting the Manning’s .n  The 

results Manning’s roughness coefficient predicted through MARS, GMDH-NN, GEP 

and SVR models are also compared with previously developed analytical models. The 

present study highlights the performances of the various ML models for predicting 

Manning’s n  and gives the best predictive models for predicting Manning’s .n  

4.2 Experimental Flow Resistance Analysis 

The normal depths of flow of different discharges ranging from 0.003 m3/s to 0.06 m3/s 

were measured to achieve the accurate stage-discharge relationship. A number of 

discharges are taken for in-bank flow and overbank flow conditions that are discussed 

briefly in section 3.4 (Chapter 3). When the stage-discharge data were plotted, they 

showed a different relationship for the in-bank and overbank flows (Fig. 3.6). The 

outcomes obtained from the series of experiments (NITR Type I, II and III) and the 

relationship between stage and discharge are presented in Figs. 3.6.  

Traditional flow formulae are used for the estimation of discharge are Manning’s 

equation. After getting discharge, mean velocity ( )V  can be computed by dividing 

channel cross-section area to the discharge. Then, from Manning’s equation, 

corresponding n  can be evaluated, which is discussed in section 3.5. The outcomes 

obtained from the series of experiments and the variation of Manning’s coefficient n  

with the relative depth are presented in Fig. 3.7. It is known that Manning’s n  increases 

slightly with the depth of flow in the channel representing a lumped response to all of the 

flow resistances.  

4.3 Selection of Geometric and Hydraulic Parameters 

Previous studies carried out by various researchers on meandering channel suggested the 

influence of different hydraulic, geometric and surface parameters affecting the 

roughness coefficient and therefore the conveyance capacity of meandering compound 

channels (Arcement and Schneider 1989; Dash and Khatua 2016; Ervine et al. 1993; 

Khatua et al. 2011b; Khatua et al. 2012; Moharana and Khatua 2014; Pradhan and Khatua 

2017a; Shiono et al. 1999). Hence, they justified the dependency of the flow variable on 

various hydraulic, geometric and flow parameters. In this current study, the author 
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considered the following influencing non-dimensional factors affecting the variation of 

Manning’s n  in the meandering compound channel. 

1. Width ratio of the channel ( ) , i.e. ratio of total floodplain width ( )B  to the 

main channel width ( )b  

2. Depth ratio or Relative flow depth ( ) , i.e. the ratio of flow over floodplain 

( )H h  to the total flow depth ( )H   

3. Meander belt width ratio ( ) , i.e. ratio of belt width of meandering channel 

( )MWB to the total with of compound channel ( )B  

4. Sinuosity ratio ( )rs , i.e. ratio of main channel sinuosity to the floodplain 

sinuosity. 

5. Longitudinal channel bed slope o( )S   

Total five flow variables were chosen as input parameters for predicting Manning’s 

roughness coefficient ( ).n The dependency of Manning’s n  on these mentioned 

parameters can be written in a functional relationship as o( ,  ,  ,  ,  )rn f s S   . A 

regular channel retains diversity in flow and surface conditions that need to be 

incorporated to develop a suitable model for predicting the roughness coefficient at 

various flood conditions. It is important to incorporate all of these variables to predict a 

suitable roughness coefficient at all flood conditions. Therefore, models are developed 

to find out the correction factor of Manning’s coefficient ( / )n n by taking these non-

dimensional parameters as input variables related with a functional relationship as 

o/ ( ,  ,  ,  ,  )rn n f s S     . 

4.4 Sources of Data 

The Manning’s roughness coefficient n  is obtained in compound meandering channels 

with a different sinuosity constructed at the hydraulics-engineering laboratory under the 

department of civil engineering, National Institute of Technology (NIT) Rourkela, India 

which are discussed in chapter 3 (Table 3.3). Besides the present experimental work, 

reported data of other researchers [FCF-B (1990-1991), Toebes and Sooky (1967), Kar 

(1977), Das (1984), Kiely (1989), Patra and Kar (2000), Khatua (2007), Mohanty (2013)] 

are also used in the models for predicting the Manning’s n  as shown in detail in Table 

A.1 of Appendix A. The detail experimental works of other researchers are discussed 
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briefly in chapter 2 (section 2.2). The sinuosity ranges from 1.03 to 2.00 are considered 

to predict Manning’s n .  

The experimental channels considered for the present analysis can be grouped as medium 

sinuous with the sinuosity ranging between 1.03 and 2.0. Authors have chosen three high 

sinuous channels in Table A.2 of Appendix A with the sinuosity ( )s  of 2.043 (FCF-B 

1990-1991), 2.06 (Willetts and Hardwick 1993) and 4.11 (Pradhan and Khatua 2017a) 

for its applicability and suitability. The details of experimental channel dimensions of 

FCF B-39 and FCF B-47 (1990-1991), Willetts and Hardwick (1993) and Pradhan and 

Khatua (2017a) are discussed briefly in section 2.2 of chapter 2. 

4.5 Model Development  

The foremost task of the study was to explore the applicability of the Group Method of 

Data Handling neural network (GMDH-NN), multivariate adaptive regression spline 

(MARS), gene-expression programming (GEP) and support vector regression (SVR) 

methodologies for predicting the correction factor of Manning’s coefficient ( ).n n  

Thus, a main chore was to determine the relevant testing and training data subset to 

construct a predictive model and to evaluate its performance. The dataset used in this 

study was achieved by small scaled experimental setup at NIT Rourkela, Odisha, India 

and some collected datasets of previous researchers which were having similar 

geometrical similarities. Here, in the ML modelling, the value of ,  ,  ,  rs   and oS are 

taken as independent variables or input variables to predict Manning’s value. The 

functional relationship for Manning’s correction factor ( / )n n  can be written as: 

 
o( ,  ,  ,  ,  )rn n f s S     (4.1) 

where n  is the modelled value of Manning’s coefficient and n  the base value of  

roughness coefficient (See Appendix A, Table A.1 and A.2). Researchers have used 

different data division between testing and training data and generally, it varies with 

problems. There is no particular rule for the divisional process of training and testing 

data. In this study, about 75% of data are designated for training, and another 25% of 

data are used for testing the proposed model.  
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4.5.1 Development of Gene-expression programming (GEP) model for 

Manning’s correction factor ( )n n   

Gene-expression programming (GEP) evolves mathematical expressions, decision trees, 

polynomial constructs, logical expressions, and so on, which is an extension of GP (Koza 

1992). The process of GEP are encoded into chromosomes organized in linear form, 

which are expressed into expression trees (ETs) that are the cultured computer programs 

selected according to their fitness at problem solving stage and are usually developed to 

solve a particular problem (Ferreira 2001; 2002). 

The relationship describes Manning’s correction factor n n  as in Eq. (4.1) is a function 

of geometric as well as hydraulic factors. Four basic arithmetic operators ( ,  ,  ,  )     

and exponential function are used for the development of the GEP model. A total of 179 

numbers of data are used in modelling and distributed randomly for training and testing 

data phase. 

Initially, the model was generated with a single gene and two head lengths. Afterwards, 

the number of genes and heads were increased one at a time during each run and the 

performances of training and testing dataset are recorded. It was observed that the 

performances of training and testing data phase did not significantly improve for the head 

length greater than 8 and more than three genes. Therefore, eight as the head length, and 

three genes per chromosome were adopted for the development of GEP model. Addition 

operator was used as the linking function of three genes for the present multigenic 

programming. After some trials, it was found that after 278404 generations, there was no 

appreciable change in the fitness function value and coefficient of determination of the 

training and testing data i.e. the generations may stop at this stage. The root mean square 

error (RMSE) is used as the fitness function. The parameters used for the development of 

the GEP model are presented in Table 4.1 which can affect the performance of the GEP. 

All mentioned parameters are selected by the trial and error basis to obtain the optimum 

model of the GEP in the form of an algebraic equation between output and input 

variables. 
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Table 4.1: Functional set and Operational Parameters Used in GEP Model. 

Description of Parameter Parameter Setting 

(1) (2) 

Function Set +,  ,  ,   and xe  

Number of Chromosomes 45 

Head Size 8 

Number of Genes 3 

Gene Size 23 

Linking Function   Addition 

Fitness Function  MSE 

Program Size 43 

Literals 10 

Number of Generations 278404 

Constants per Gene 15 

Data Type Floating-Point 

Mutation 0.00138 

Inversion 0.00546 

Gene recombination rate 0.00755 

One-point recombination rate 0.00277 

Two-point recombination rate 0.00277 

Gene transposition rate 0.00277 

Insertion sequence (IS) transposition rate 0.00546 

Root insertion sequence (RIS) transposition rate 0.00546 

The simplified analytical form of the proposed GEP model is expressed as 

 
   

 

o

o

( )1.17 ( ( ) ( ) 8.12) 0.31 4( )

        

3.2

    ( 14.62)(18.01 )

rn n exp s exp

S

S



  



   



  

 
 (4.2) 

The expression (Eq.4.2) is valid for the conditions as: 5.66 ≤α ≤ 16.08, 0.08 ≤ β ≤ 0.83, 

0.000675 ≤ oS ≤ 0.0061, 1.04 ≤ s ≤ 4.11 and 0.39≤ ω ≤1. An expression tree (ET) 

representation as in Eq. (4.2) is shown in Fig. 4.1, which represents GEP model for 

estimating n n . In Fig. 4.1, d0 stands for  , d1 represents ,  d2 represents  ,  d3 

represents rs , d4 represents oS  and C1 and C2 represent the numerical constant used in 

the 1st gene of the model. Similarly, C3, C4, C5, C6, and C7 represent the constants used 

in the 2nd gene of the model. Similarly, C8, C9 and C10 are the constant used in the 3rd 

gene of the model. 
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Figure 4.1: Expression Tree (ET) for GEP Formulation. 

4.5.2 Development of Multivariate Adaptive Regression Spline 

(MARS) model for Manning’s correction factor ( )n n   

In MARS model, 16 basis functions are used initially by forwarding step out of which 

four basic functions are removed by backward step process. Finally optimal model for 

prediction of n n  has restricted to 12 number of basis functions. Before predicting the 

value of ,n n  the performance-ranking test of independent variables is performed by 

residual sum-of-squares (RSS) and Generalized Cross Validation (GCV) criteria. The 

RSS and GCV values for individual parameters are calculated and shown in Table 4.2 

along with their n-subsets value. According to GCV and RSS values, the independent 

variables are ranked consequently: o (1)S ,  (2)  ,  (3)rs ,  (4) ,  (5) . Variation of 

each independent variables with dependent variables ( )n n  are shown in Fig. 4.2.  
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Figure 4.2: Variation of Each Independent Variables with Dependent n n  Value. 

Table 4.2: Values of GCV, RSS and n-subsets for Individual Parameters. 

 Parameters n-subsets GCV RSS 

(1) (2) (3) (4) 

oS  12 100 100 

  11 80.5 80.1 

rs  11 80.5 80.1 

  9 53 52.6 

  8 45.5 45 

        The model for predicting Manning’s correction factor n n  is quantified by a linear 

arrangement of the constant 1.05 and the basis functions, ( )iF x  which are presented in 

Table 4.3 superimposing with their respective coefficients ( )ic achieved by models. A 

total of 13 number of terms are chosen to construct the MARS model for predicting the 

correction factor of Manning’s n  value ( )n n . The 10 k-fold cross validation is used 

for MARS performance to predict n n . In conclusion, the optimum model produced for 

the prediction of n n  is as per Eq. (4.3). 

 12

1

1.05 ( )i i

i

n
c F x

n 


   (4.3) 

where n  denotes the modified Manning’s roughness coefficient at floodplain, n  the 

base value of Manning’s coefficient, ( )iF x  the basic function and ic  the coefficient for 

basis functions. Manning’s coefficient for floodplain is computed through Eq. (4.3), 

where values of basis function [ ( )]iF x  and the coefficient ( )ic  are given in Table 4.3. 
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Table 4.3: Basis functions, ( )iF x  and coefficients, ( )ic  used for obtaining the n n  using 

the MARS model. 

( )iF x  Equation ic  

(1) (2) (3) 

1( )F x  max(0,  0.61 )   1.24 

2 ( )F x  max(0,  1.33 )rs  1.91 

3( )F x  omax(0,  0.0053)S   1528.31 

4 ( )F x  max(0,  11.11 ) max(0,  1.33)rs    0.72 

5 ( )F x  max(0,  11.11) max(0,  1.33)rs     0.13 

6 ( )F x  max(0,  0.29 ) max(0,  0.61)     4.14 

7 ( )F x  max(0,  0.29) max(0,  0.61)      2.55 

8 ( )F x  max(0,  0.184) max(0,  1.33 )rs     3.23 

9 ( )F x  max(0,  0.27 ) max(0,  1.33)rs    5.2 

10 ( )F x  omax(0,  1.33 ) max(0,  0.001)rs S    429.13 

11( )F x  max(0,  11.11 ) max(0,  1.334)rs       0.59 

12 ( )F x  omax(0,  0.27 ) max(0,  1.33) max(0,  0.000996)rs S       2464.6 

      While using Eq. (4.3) for evaluation of n n , we need the series for ( )iF x  and ic  

values. For the present case, the ( )iF x  value can be computed by substituting  ,  , ,  

rs  and oS values in the column (2) of Table 4.3. By multiplying the corresponding terms, 

we get the final value of n n  for the compound channels by MARS model. 

4.5.3 Development of Group Method of Data Handling Neural 

Network (GMDH-NN) for Manning’s correction factor ( )n n  

GMDH model was established by using GMDH Shell software (Amanifard et al. 2008) 

to find non-linear relationships between the Manning’s correction factor ( )n n  and 

independent inputs variables. The algorithm is characterized as a set of neurons where 

various pairs of the neurons are related through a quadratic polynomial of GMDH-NN 

network. The data was trained while using the quadratic neural function and 

consequently resulting new neurons in the subsequent layer (Arcement and Schneider 

1989). 

In the training of each layer, the neurons are generated based on all the possible 

combinations of input variables. Then, these neurons are screened automatically based 

on their ability to predict the target variable. Only those neurons having good prediction 

powers (meets the criterion) are fed forward for the training of the next layer, and the rest 
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are discarded (Jia et al. 2018). For the present case, the second-order polynomial function 

is chosen to create a generalized structure of the GMDH network (Ivakhnenko 1971). 

Based on the previous investigations, selection of polynomials could also depend on 

minimum error of objective function and complexity of polynomial type. In this study, 

quadratic polynomial was utilized for modeling Manning’s correction factor ( ).n n  

Quadratic polynomial has six weighting coefficients that generated good results in 

engineering problems. In this study, fivefold cross-validation was used to build the 

GMDH-NN model. In modelling process, root mean square error (RMSE) criteria is 

adopted for validating the developed model in testing phase. Initial layer width is taken 

as 1000, which gives the best results for the present case. The formulas that were obtained 

from the GMDH-NN model for predicting the Manning’s coefficient are given below. 

 
2/ 1.39 2.17( 3) 0.405( 3)( 1) 0.84( 3) 0.44( 1)n n B B C B C        (4.4) 

where 

2 21 2.02 0.4( 1) 0.26( 1)( 2) 0.25( 1) 2.77( 2) 1.34( 2)C B B B B B B       

2 21 4.44 6.6( 1) 5.11( 1)( 2) 0.44( 1) 0.72( 2) 2.37( 2)B A A A A A A        

22 140.27 15.2( ) 10.64( )( 3) 194.78( 3) 68.22( 3)B A A A       

23 4.03 2.84( 4)( 5) 1.27( 4) 4.07( 5)B A A A A     

2 4 2

o o o1 0.84 0.21( ) 3.78( )( ) 0.015( ) 183.67( ) 5.86 10 ( )A S S S          

2 22 0.52 3.02( ) 4.25( )( ) 6.04( ) 3.53( ) 0.07( )r r rA s s s          

3 1.08 0.34( ) 0.06( )r rA s s    

2

o4 1.41 789.03( )( ) 1.55( ) 117.69( )A S       

2 4 2

o o5 1.75 0.86( ) 0.68( ) 197.87( ) 4.9 10 ( )A S S        

The following equation is presented by taking into account the equation (4.4) for 

calculating the Manning’s correction factor ( )n n , which is essential when using the 

independent parameters with three hidden layers. The GMDH-NN is developed with the 

number of population individuals being 100 and with 300 generations selected, 

exceeding which the output values do not lead to better results. In GMDH-NN initial 

layer width is set as 1000. In addition, the crossover probability of 0.95 and mutation 

probability of 0.01 seem to result the best performance for this case. The manner of the 
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independent parameters connecting to each other in different layers is illustrated in Fig. 

4.3. 

 
Figure 4.3: Evolved Structure of GMDH-Type Neural Network for the Prediction 

of Manning’s Coefficient ( )n n . 

4.5.4 Development of Support Vector Regression (SVR) for Manning’s 

correction factor ( )n n  

A regression methodology in Support Vector Machine (SVM) is adopted for 

predicting Manning’s correction factor ( )n n which is termed as support vector 

regression (SVR). The SVR model can be solved by using the Eq. (B.20) as discussed in 

Appendix B. 

Architecture of support vector regression for predicting Manning’s correction factor 

( )n n  is shown in Fig. 4.4. The performance of SVR model depends on meta-parameters

fC ,   and the kernel parameters ( ) . For the present situation, SVR model is trained 

using the Kernel type radial basis function (RBF) with 84 numbers of support vectors

( )SVN . 

 

Figure 4.4: Schematic view of the SVR model with the input variables together with the 

Manning’s correction factor ( )n n . 
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In SVR process 84 support vectors are bounded into 71 terms. The best result is 

obtained with regularization parameter (
fC = 10), insensitive loss function (  = 0.1), and 

kernel parameter ( =0.2). The developed SVR model gives the following equation by 

putting 
fb =0,  =0.2, SVN =84 and 

2

( )( )
( , ) exp

2

T

i i
i

y y y y
K y y



  
  

 
, in Eq. (B.20) 

(Appendix B) for the prediction of n n  given as 

 84
*

1

( )( )
( ) exp

0.08

T

i i
i i

i

y y y yn

n
 



   
   

 
   (4.5) 

where *( )i i   be the Lagrange multipliers and the values of both i  and *

i  may be 

greater than and equal to 0 or less than and equal to 10 ( *0 10,  0 10i i     ). The 

values of Lagrange multipliers *( )i i   for training dataset are computed and plotted in 

Fig. 4.5 for the corresponding output variables. 

 

Figure 4.5: Variation of *( )i i  Value for Modelling n n  in SVR Model. 

4.6 Results and Discussions 

The developed empirical equations [Eq. (4.2), Eq. (4.3), Eq. (4.4), and Eq. (4.5)] using 

GEP, MARS, GMDH-NN and SVR algorithms deals with five independent non-

dimensional parameters [width ratio ( ) , relative depth ( ) , sinuosity ratio ( )rs , 

Channel bed slope o( )S  and meander belt width ratio ( )]  accounting every possible 

dimensions to get the better results of Manning’s correction factor n n  for meandering 

compound channels. Performance of each individual parameter used for modelling of 

n n  are measured by sensitivity analysis technique. Previous composite n  equations did 

not consider the meandering effect of floodplain levee such as sinuosity ratio ( )rs  and 

meander belt width ratio ( ) . Furthermore, to check the strength of the present models 
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in comparison to other existing composite roughness model, authors had applied Eq. 

(4.2), Eq. (4.3), Eq. (4.4), Eq. (4.5) and model of other investigators such as SCS (Fasken 

1963), Jarrett (1984), LSCS (James and Wark 1992), Shiono et al. (1999), Jena (2007) 

and Khatua et al. (2011b) methods which are discussed briefly in Section 2.3 [i.e., Eqs. 

(2.1) through (2.8)] to all experimental channel data widely that were published in the 

literature along with the own experimental data to determine Manning’s n . Uncertainty 

analysis for prediction error is also performed to choose the best predicting approach.  

4.6.1 Sensitivity Analysis of the Proposed Models for the Prediction of 

Manning’s Correction Factors  n n  

After the development of models [Eq. (4.2), (4.3) and (4.4)] through GEP, MARS and 

GMDH-NN approaches, it is necessary to analyze the sensitivity of the developed models 

against the presumed input parameters. Sensitivity of the input parameters to the 

developed model is crucial to draw information about their contribution to the model 

(Barati 2013; Gandomi et al. 2013). The percentage of sensitivity ( )iS for each individual 

input parameters for GEP, MARS and GMDH-NN approaches are calculated and are 

given in Table 4.4. 

Table 4.4: Sensitivity percentage of various factors for calculating the value of n n

considering the GEP, GMDH-NN and MARS models 

Approach 
Sensitivity (%) 

      rs  oS  

(1) (2) (3) (4) (5) (6) 

GEP 13.87 1.45 5.48 31.27 47.93 

MARS 7.49 4.25 4.30 61.41 22.54 

GMDH-NN 5.60 1.17 9.91 33.43 49.88 

            It can be seen from Table 4.4 that the longitudinal slope o( )S  has the maximum 

effect on the prediction of n n  in GEP and GMDH-NN models with a sensitivity of 

47.93% and 49.88%, respectively followed by the sinuosity ratio ( )rs having a sensitivity 

of 31.27% and 33.43%, respectively. But opposite to both GEP and GMDH-NN 

approaches, in case of the MARS approach, rs  has the maximum effect on the prediction 

of n n  with a sensitivity of 61.41% followed by oS  having a sensitivity of 22.54%. In 

case of MARS model, the relative depth ( )β  and the meander belt width ratio ( )ω  have 

nearly the same sensitivity for predicting n n  as 4.25% and 4.30%. In case of GMDH-



Chapter 4              Calculations of Flow Resistance in Meandering Compound Channel 

81 
 

NN model, the parameter   is more sensitive than   and  . But in case of GEP and 

MARS approaches, the parameter   is more sensitive for predicting n n  than the 

parameters   and  . The parameter   has the least significant sensitivity for all three 

GEP, MARS and GMDH-NN approaches with values of 1.45%, 4.25% and 1.17%, 

respectively for predicting n n . 

4.6.2 Comparison of Developed Models with Various Machine 

Learning Approach 

The authors had applied Eq. (4.2), Eq. (4.3), Eq. (4.4) and Eq. (4.5) to the independent 

data sets that were reserved for the validation purpose. All of the machine learning (ML) 

models used in this study show promising results for predicting Manning’s correction 

factor ( )n n . Figure 4.6 shows the scatter plots between the predicted versus observed 

n n  value for various ML models. It clearly depictes from the figures that the values of 

Manning’s correction factor ( )n n  lies very close to the line of good agreement (45o 

line) which indicates robust predicting ability of the developed GMDH-NN, and MARS 

models.  
 

 

 

 

 

   
(a) (b) 
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                                   (c)                                                                    (d) 

(b)   

 

Figure 4.6: The scatter plots show the regression coefficient and the 1:1 perfect fit line 

between the observed and predicted n n  for various ML models (a) 

GMDH-NN; (b) MARS; (c) GEP; and (d) SVR. 

Performance evaluation in terms of 
2R  (coefficient of determination), ME 

(percentage of mean error), E (coefficient of efficiency), MAE (mean absolute error), 

RMSE (root mean square error) MAPE (Mean absolute percentage error), SI (scatter 

index) and AIC (Akaike information criterion) for the four developed ML models were 

calculated for both training and testing dataset. Again MARS model shows promising 

results as compared to GMDH-NN, GEP and SVR approaches for predicting n n  value. 

Both GMDH-NN and MARS model equations can be further used for practical 

applications as they have minor variation in errors and other statistical measures such as 

R2, MAE, RMSE, MAPE, E, SI and AIC. The MARS approach accomplishes the 

maximum correlation coefficient (R2=0.92) as compared to GMDH-NN (0.87), GEP 

(0.79), and SVR (0.77) in testing phase. Table 4.5 gives the values of 
2 ,R  RMSE, MAE, 

E, SI and AIC as obtained for training and testing data using MARS, GMDH, GEP and 

other data driven models. The MARS gives the minimum value of RMSE for both 

training and testing data as 0.11 and 0.10 respectively as compared to the GMDH, GEP 

and SVR (Table 4.5). An efficiency of E=1 corresponds to a perfect match between the 

model and the observed data and can range from   to 1. Here, E values of MARS 

model for training and the testing dataset is 0.937 and 0.921 respectively. MAE and 

MAPE value for training data are 0.089 and 6.33% and for the testing data are 0.084 and 

6.19% respectively showing the performances and accuracy of the predicted model. 

Therefore, the developed MARS is robust for prediction of n n  value. Hence, the 
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developed MARS model has good generalization capability, which does not show the 

phenomena of overtraining. The SI is a normalized measure of error; lower value of the 

SI is an indication of better model performance.  

Table 4.5: Error Analysis of Predicted n n  by Various Machine Learning Tools. 

Index Dataset  GMDH-NN MARS GEP SVR 

(1) (2) (3) (4) (5) (6) 

R2 
Training 0.93 0.94 0.84 0.77 

Testing 0.87 0.92 0.79 0.77 

ME 

(%) 

Training 0.66 0.83 0.03 2.46 

Testing 0.46 0.63 0.79 4.26 

MAE 
Training 0.096 0.089 0.15 0.176 

Testing 0.109 0.084 0.14 0.166 

RMSE 
Training 0.12 0.11 0.18 0.24 

Testing 0.13 0.1 0.17 0.23 

MAPE 

(%) 

Training 6.55 6.33 10.7 11.96 

Testing 7.75 6.19 10.26 11.89 

E 
Training 0.927 0.937 0.84 0.704 

Testing 0.867 0.921 0.78 0.689 

SI 
Training 0.081 0.075 0.12 0.158 

Testing 0.09 0.07 0.12 0.159 

AIC 
Training 301.3 311.8 244 202 

Testing 90.4 103.1 77.9 62.6 

 

Here MARS show lower SI value (Training=0.075 and Testing=0.07) indicating 

the least error. AIC is an information criterion, which is used for selecting best-fit model 

based on the statistical likelihood function. The minimum value of AIC indicates the best 

model. The least value of AIC is observed in MARS approach as 311.8 and 103.1 for 

training and testing phase respectively as compared to other approaches. Fom analysis 

of statistical index, it clearly indicates that MARS gives best result as compared to other 

ML approaches. 

4.6.3 Comparison of Various Analytical Approaches 

Authors have modelled the value of Manning’s correction factor ( )n n  by taking five 

non-dimensional parameters through a functional relation o( ,  ,  ,  ,  )rn n f α β ω s S  . By 

multiplying base value of Manning’s n  with Manning’s correction factor ( )n n , one 

can measure the corrected Manning’s roughness value ( )n . Now the predicted results 

of Manning’s roughness through the developed models are compared with the analytical 
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models of other investigators i.e. SCS (Fasken 1963), Jarrett (1984), LSCS (James and 

Wark 1992), Shiono et al. (1999), Jena (2007) and Khatua et al. (2011b) described earlier 

in section 2.3 [Eq. (2.1) through (2.8)]. The comparative results of Manning’s roughness 

( )n  are presented in Fig. 4.7. Due to a large number of datasets, the error analysis for 

individual series of data is too lengthy and therefore, the data series are dived into three 

different ways such as experimental dataset, lower sinuosity channel data (1.0 2.0)s   

and higher sinuosity channel data ( 2.0)s  .  

       Error analysis for Manning’s roughness coefficient of various approaches and the 

developed model for the individual dataset is also performed concerning ME, MAE, 

RMSE, MAPE, E, and SI in Fig. 4.7. It can be seen from Fig. 4.7(b) and Fig. 4.7(c) that 

MARS model gives the minimum value of MAE and RMSE close to 0.001 and 0.00118, 

respectively for all dataset as compared to other approaches. Similarly, when the MAPE 

are taken into account for performance measurement of MARS model, a similar 

conclusion can be drawn. MARS model gives the average value of MAPE as 7.4%, which 

are much less than other approaches. SI signifies the percentage of difference in root 

mean square error concerning the mean observation. It gives the percentage of 

predictable error for parameters. Here, the MARS model shows lower SI value (=0.08), 

which gives the best predicting model. In case of efficiency (E), MARS gives the highest 

efficiency (E=0.81) as compared to other model for all dataset. From Fig. 4.7, we can 

conclude that in the tested range, the MARS model performs better than other 

approaches. 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 
(g) 

Figure 4.7: Analysis of Various Approaches of Predicting Manning’s n  value for the Types of 

Channel Data Considering Various Statistical Index (a) ME (%); (b) MAE; (c) 
RMSE; (d) MAPE (%); (e) SI; (f) E and (g) AIC. 
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4.6.4 Uncertainty Analysis of the Proposed Models for the Prediction 

of Manning’s n  

Uncertainty analysis of MARS, GMDH-NN, GEP, SVR and other analytical approaches 

for the prediction of Manning’s n  for meandering compound channel is presented. 

Results of the uncertainty analysis are shown in Table 4.6 that also includes the mean 

errors of predictions, the width of the uncertainty band, and the 95% confidence interval 

of mean prediction error. The value of mean prediction error of  7.9E  06 with 

minimum width of confidence band ( 0.0022) for MARS model indicate that the model 

is more suitable for predicting Manning’s n  as compared to other six artificial 

intelligence models (GMDH-NN, GEP, and SVR) in addition to the equations of SCS 

(Fasken 1963), Jarrett (1984), LSCS (James and Wark 1992), Shiono et al. (1999), Jena 

(2007) and Khatua et al. (2011b).  

Table 4.6: Uncertainty Analysis for Predicting Manning’s n  by Various Approaches. 

Approaches 

Mean 

Prediction 
Error 

Width of 

Confidence 
Band 

95% Confidence 

Interval of Mean 
Prediction Error 

(1) (2) (3) (4) 

MARS  7.9E 06  0.002232  0.00224 to 0.00222 

GMDH  5.9E 05  0.002662  0.00272 to 0.0026 

GEP  0.0002  0.003696  0.00389 to 0.00349 

SVR  1.6E 05  0.004976  0.00499 to 0.00496 

SCS (1963)  0.00283  0.009526  0.01236 to 0.00669 

Jarrett (1984) 0.008326  0.016528  0.0082 to 0.02485 

LSCS (1992)  0.00296  0.009797  0.01276 to 0.00683 

Shiono et al. (1999) 0.011946  0.016123  0.00418 to 0.02807 

Jena (2007) 0.005685  0.021795  0.01611 to 0.02748 

Khatua et al. (2011b)  0.00241  0.021677  0.02409 to 0.01927 

4.6.5 Estimation of Discharge Using Manning’s Formulation 

Generally, Manning’s equation is used for calculating discharge in open channels. Here, 

the predicted Manning’s n  is applied to estimate the capacity of conveyance in the two-

stage meandering channels. It is vital to know that, the predicted value of n , has the 

outcome from the several geometrical and hydraulic parameters of the channels and is 

different from a composite n  of the two-stage channel which is calculated from the 

actual discharge. Previously developed models such as the SCS (Fasken 1963), Jarrett 
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(1984), LSCS (James and Wark 1992), Shiono et al. (1999), Jena (2007) and Khatua et 

al. (2011b) along with the present developed method are used to predict the value of 

Manning’s n  and consequently the conveyance capacity of the two-stage channel by 

considering the entire channel as a single entity. Analysis of inaccuracies of all the 

discussed models are accomplished to observe the aptness of the present work. 

Because of the enormous amount of data, the analysis of inaccuracies in the individual 

dataset is not practical. Therefore, the analysis of inaccuracies is considered globally for 

the data of individual researchers. The performance of all the models are also 

demonstrated through their 2R , MAE, RMSE, MAPE, E and SI value to figure out the 

adequacy of the particular model with respect to the dataset. 

For better understanding on the various approaches for individual dataset, the percentage 

of mean error for each data series is calculated and is shown in Fig. 4.8 through 4.10. 

The data series along with prediction approaches is plotted in the horizontal axis and 

mean percentage of error in the Y-axis as presented in the Fig. 4.8 through 4.10. The 

variation of mean error for particular approaches are also shown in the diagrams. Figure 

4.8 shows the variation of mean percentage error for data series of other researchers used 

in development of models. Similarly, Fig. 4.9 shows the variation of mean percentage 

error for present experimental data and Fig. 4.10 shows the variation of mean percentage 

error for validation dataset i.e. higher sinuous channels. The figures demonstrate that the 

established methods mainly MARS, and GMDH-NN resulted minor error for all the 

dataset taken into consideration. 

 
(a) 
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(b) 

 
(c) 

Figure 4.8: Variation in Percentage of Mean Error of Discharge for Various Approaches 

in the Types of Previous Channel Data of (a) Toebes and Sooky (1967), Kar 

(1977), Das (1984), and Kiely (1989); (b) FCF B-21(1990-1991), FCF B-

26(1990-1991), and FCF B-31(1990-1991); and (c) Patra and Kar (2000), 

Khatua-II (2007), Khatua-III (2007), and Mohanty (2013). 
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Figure 4.9: Variation in Percentage of Mean Error for Discharge in the Present 

Experimental Channels Considering the Various Approaches. 

 

Figure 4.10: Variation of Percentage of Mean Error for Discharge in High Sinuosity 

Meandering Compound Channel Considering Various Manning’s n  

Model. 

The detailed error analysis in terms of R2, MAE, MAPE, RMSE, E and SI are presented 

briefly in Table 4.7, 4.8 and 4.9 for the presumed collected dataset of previous 

researchers, present experimental dataset and validation dataset, respectively. From the 

tables, it is concluded that the developed MARS as well as GMDH-NN models can 

deliver good result for Manning’s n  as well as conveyance in comparison to other 

traditional and machine learning tools for meandering compound channels. 
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Table 4.7: Error Analysis of Discharge Calculated through various Manning’s n  

approach for Lower Sinuous Compound Channels. 

Dataset Models R2 MAE RMSE 
MAPE 

(%) 
E SI 

(1) (2) (3) (4) (5) (6) (7) (8) 

Toebes 

and 

Sooky 

(1967) 

MARS 0.95 0.0006 0.0007 6.79 0.94 0.07 

GMDH-NN 0.95 0.0006 0.0007 6.77 0.94 0.07 

GEP 0.86 0.0013 0.0015 13.87 0.74 0.12 

SVR 0.90 0.0007 0.0010 7.72 0.89 0.10 

SCS (1963) 0.88 0.0024 0.0027 25.10 0.19 0.14 

Jarrett (1984) 0.54 0.0029 0.0036 29.67 0.42 0.20 

LSCS (1992) 0.88 0.0046 0.0050 47.28 1.72 0.19 

Shiono et al. (1999) 0.84 0.0026 0.0029 26.21 0.08 0.13 

Jena (2007) 0.30 0.0047 0.0063 49.17 3.39 0.59 

Khatua et al. (2011b) 0.35 0.005 0.007 47.14 4.52 0.66 

Kar 

(1977) 

MARS 0.98 0.0008 0.0009 7.07 0.97 0.07 

GMDH-NN 0.98 0.0007 0.0009 6.21 0.98 0.06 

GEP 0.98 0.0008 0.0010 8.53 0.97 0.06 

SVR 0.98 0.0021 0.0023 20.35 0.83 0.07 

SCS (1963) 0.96 0.0164 0.0181 131.30 9.66 0.56 

Jarrett (1984) 0.98 0.0029 0.0032 23.17 0.66 0.11 

LSCS (1992) 0.96 0.0200 0.0220 159.61 14.68 0.68 

Shiono et al. (1999) 0.96 0.0021 0.0023 21.78 0.83 0.10 

Jena (2007) 0.96 0.0019 0.0023 17.81 0.83 0.10 

Khatua et al. (2011b) 0.96 0.0031 0.0033 33.10 0.65 0.09 

Das 

(1984) 

MARS 0.96 0.0003 0.0006 3.66 0.93 0.06 

GMDH-NN 0.96 0.0006 0.0008 7.42 0.89 0.09 

GEP 0.97 0.0009 0.0010 9.29 0.80 0.07 

SVR 0.96 0.0008 0.0010 7.80 0.81 0.08 

SCS (1963) 0.96 0.0024 0.0024 29.94 0.06 0.05 

Jarrett (1984) 0.96 0.0046 0.0048 52.22 3.18 0.16 

LSCS (1992) 0.96 0.0038 0.0038 46.45 1.63 0.06 

Shiono et al. (1999) 0.96 0.0030 0.0033 32.78 0.90 0.15 

Jena (2007) 0.96 0.0050 0.0053 57.00 3.99 0.18 

Khatua et al. (2011b) 0.28 0.0042 0.0046 54.02 2.74 0.44 

Kiely 
(1989) 

MARS 0.99 0.0003 0.0003 6.90 1.00 17.2264 

GMDH-NN 0.99 0.0002 0.0002 3.97 1.00 17.2264 

GEP 0.99 0.0014 0.0016 17.40 0.91 17.2267 

SVR 0.99 0.0010 0.0011 13.48 0.95 17.2266 

SCS (1963) 0.98 0.0014 0.0016 17.67 0.90 17.2267 

Jarrett (1984) 0.98 0.0023 0.0026 33.04 0.75 17.2268 

LSCS (1992) 0.98 0.0024 0.0030 28.48 0.67 17.2273 

Shiono et al. (1999) 0.97 0.0031 0.0038 36.98 0.46 17.2280 

Jena (2007) 0.97 0.0004 0.0004 7.47 0.99 17.2264 

Khatua et al. (2011b) 0.89 0.003 0.004 58.61 0.38 17.2301 
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FCF B-
21 

(1990-

1991) 

MARS 0.99 0.020 0.024 6.00 0.99 0.03 

GMDH-NN 0.99 0.010 0.011 4.38 1.00 0.01 

GEP 0.99 0.034 0.042 10.71 0.98 0.05 

SVR 0.99 0.040 0.047 13.57 0.97 0.05 

SCS (1963) 0.98 0.051 0.063 15.80 0.95 0.08 

Jarrett (1984) 0.98 0.093 0.107 31.23 0.86 0.11 

LSCS (1992) 0.98 0.034 0.041 11.23 0.98 0.05 

Shiono et al. (1999) 0.97 0.214 0.279 57.70 0.04 0.39 

Jena (2007) 0.96 0.043 0.052 13.47 0.97 0.06 

Khatua et al. (2011b) 0.78 0.168 0.198 49.05 0.52 0.32 

FCF B-

26 

(1990-

1991) 

MARS 1.00 0.020 0.027 8.34 0.99 0.05 

GMDH-NN 1.00 0.012 0.014 6.51 1.00 0.03 

GEP 1.00 0.033 0.048 9.50 0.98 0.08 

SVR 1.00 0.035 0.049 10.03 0.98 0.07 

SCS (1963) 1.00 0.048 0.070 11.51 0.96 0.10 

Jarrett (1984) 1.00 0.087 0.113 22.73 0.89 0.13 

LSCS (1992) 1.00 0.032 0.046 10.26 0.98 0.07 

Shiono et al. (1999) 1.00 0.239 0.325 52.17 0.12 0.41 

Jena (2007) 1.00 0.040 0.057 10.79 0.97 0.09 

Khatua et al. (2011b) 0.94 0.168 0.197 50.93 0.68 0.22 

FCF B-

31 

(1990-

1991) 

MARS 1.00 0.017 0.026 5.93 0.97 0.07 

GMDH-NN 0.99 0.021 0.028 10.52 0.97 0.08 

GEP 1.00 0.014 0.019 10.87 0.99 0.07 

SVR 1.00 0.010 0.013 4.88 0.99 0.03 

SCS (1963) 1.00 0.020 0.028 13.06 0.97 0.10 

Jarrett (1984) 1.00 0.037 0.051 13.26 0.90 0.13 

LSCS (1992) 1.00 0.016 0.020 14.62 0.98 0.07 

Shiono et al. (1999) 1.00 0.117 0.156 46.99 0.07 0.39 

Jena (2007) 1.00 0.017 0.023 13.53 0.98 0.09 

Khatua et al. (2011b) 0.98 0.102 0.114 59.04 0.50 0.19 

Patra 

and Kar 
(2000) 

MARS 0.99 0.0039 0.0044 3.92 0.42 0.04 

GMDH-NN 0.99 0.0039 0.0048 3.64 0.32 0.04 

GEP 0.98 0.013 0.014 11.98 5.05 0.07 

SVR 0.98 0.0352 0.0356 34.30 36.49 0.05 

SCS (1963) 0.99 0.0756 0.0765 73.55 172.6 0.12 

Jarrett (1984) 0.99 0.0148 0.0152 14.68 5.85 0.04 

LSCS (1992) 0.99 0.1134 0.1145 110.42 387.1 0.15 

Shiono et al. (1999) 0.99 0.0112 0.0115 11.12 2.90 0.02 

Jena (2007) 0.99 0.0165 0.0168 16.37 7.31 0.03 

Khatua et al. (2011b) 0.99 0.0731 0.0731 71.65 157.2 0.012 
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Khatua-

II (2007) 

MARS 1.00 0.0006 0.0007 4.37 0.99 0.03 

GMDH-NN 1.00 0.0010 0.0011 6.43 0.97 0.02 

GEP 1.00 0.0019 0.0019 11.45 0.91 0.03 

SVR 1.00 0.0027 0.0029 16.35 0.80 0.05 

SCS (1963) 1.00 0.0014 0.0015 7.85 0.95 0.04 

Jarrett (1984) 1.00 0.0093 0.0099 56.31 1.37 0.18 

LSCS (1992) 1.00 0.0019 0.0020 10.81 0.90 0.05 

Shiono et al. (1999) 1.00 0.0090 0.0097 53.08 1.28 0.20 

Jena (2007) 1.00 0.0121 0.0130 72.71 3.12 0.26 

Khatua et al. (2011b) 0.98 0.0065 0.0073 38.67 0.30 0.18 

Khatua-
III 

(2007) 

MARS 0.95 0.0025 0.0033 6.66 0.92 0.08 

GMDH-NN 0.95 0.0023 0.0029 7.77 0.94 0.08 

GEP 0.95 0.0026 0.0029 7.89 0.93 0.07 

SVR 0.96 0.0034 0.0035 11.74 0.90 0.07 

SCS (1963) 0.96 0.0040 0.0050 11.96 0.80 0.10 

Jarrett (1984) 0.96 0.0239 0.0251 73.86 4.02 0.23 

LSCS (1992) 0.96 0.0022 0.0026 8.30 0.95 0.07 

Shiono et al. (1999) 0.95 0.0204 0.0216 62.52 2.72 0.21 

Jena (2007) 0.96 0.0208 0.0219 64.12 2.81 0.20 

Khatua et al. (2011b) 0.67 0.020 0.032 53.02 7.16 0.75 

Mohanty 

(2013) 

MARS 0.99 0.0050 0.0065 10.33 0.91 0.10 

GMDH-NN 1.00 0.0028 0.0032 6.32 0.98 0.03 

GEP 0.99 0.0031 0.0041 9.11 0.97 0.05 

SVR 0.99 0.0034 0.0045 7.87 0.96 0.08 

SCS (1963) 0.99 0.0022 0.0026 6.16 0.99 0.05 

Jarrett (1984) 0.99 0.0176 0.0194 38.98 0.24 0.16 

LSCS (1992) 0.99 0.0088 0.0098 21.15 0.81 0.09 

Shiono et al. (1999) 0.99 0.0198 0.0228 40.99 0.05 0.22 

Jena (2007) 0.99 0.0046 0.0055 11.90 0.94 0.06 

Khatua et al. (2011b) 0.97 0.0332 0.0486 51.61 3.78 0.71 

Table 4.8: Error Analysis of Discharge Calculated through various Manning’s n  

approach for Present Experimental Channels. 

Dataset Model R2 MAE RMSE MAPE (%) E SI 

(1) (2) (3) (4) (5) (6) (7) (8) 

NITR 

Type I 

MARS 0.99 0.0054 0.0065 12.29 0.88 0.13 

GMDH-NN 0.98 0.0031 0.0039 7.68 0.96 0.06 

GEP 0.99 0.0046 0.0046 11.45 0.94 0.09 

SVR 0.99 0.0070 0.0078 20.49 0.82 0.07 

SCS (1963) 0.99 0.0052 0.0053 13.64 0.92 0.10 

Jarrett (1984) 0.99 0.0162 0.0164 39.97 0.23 0.05 

LSCS (1992) 0.99 0.0050 0.0062 11.61 0.89 0.13 

Shiono et al. (1999) 0.99 0.0272 0.0289 60.92 1.41 0.20 

Jena (2007) 0.99 0.0278 0.0293 63.12 1.49 0.19 

Khatua et al. (2011b) 0.95 0.017 0.021 36.97 0.26 0.42 
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NITR 

Type II 

MARS 0.99 0.0031 0.0034 8.20 0.94 0.08 

GMDH-NN 0.98 0.0031 0.0033 8.47 0.94 0.07 

GEP 1.00 0.0031 0.0037 7.19 0.93 0.08 

SVR 0.99 0.0048 0.0049 14.69 0.87 0.10 

SCS (1963) 0.99 0.0076 0.0111 16.47 0.35 0.24 

Jarrett (1984) 0.99 0.0089 0.0097 28.84 0.51 0.09 

LSCS (1992) 0.99 0.0144 0.0203 29.23 1.19 0.35 

Shiono et al. (1999) 0.99 0.0146 0.0148 40.49 0.17 0.06 

Jena (2007) 0.99 0.0155 0.0156 43.66 0.29 0.05 

Khatua et al. (2011b) 0.96 0.029 0.044 61.23 9.22 0.92 

NITR 

Type III 

MARS 0.98 0.0031 0.0032 11.43 0.93 0.08 

GMDH-NN 0.99 0.0057 0.0066 17.06 0.71 0.13 

GEP 0.91 0.0035 0.0044 12.66 0.87 0.11 

SVR 1.00 0.0065 0.0084 18.44 0.54 0.21 

SCS (1963) 0.99 0.0071 0.0088 19.93 0.49 0.18 

Jarrett (1984) 1.00 0.0058 0.0059 22.94 0.77 0.04 

LSCS (1992) 0.99 0.0087 0.0111 23.84 0.19 0.21 

Shiono et al. (1999) 0.99 0.0152 0.0161 50.15 0.71 0.16 

Jena (2007) 0.99 0.0158 0.0165 52.79 0.80 0.15 

Khatua et al. (2011b) 0.99 0.015 0.020 42.03 1.76 0.55 

Table 4.9: Error Analysis of Discharge Calculated through various Manning’s n  

approach for Higher Sinuous Compound Channels. 

Dataset Model R2 MAE RMSE 
MAPE 

(%) 
E SI 

(1) (2) (3) (4) (5) (6) (7) (8) 

FCF B-39 

(1990-

1991) 

MARS 1.00 0.0314 0.0423 6.10 0.98 0.06 

GMDH-NN 1.00 0.0237 0.0278 7.37 0.99 0.04 

GEP 1.00 0.059 0.083 11.67 0.92 0.12 

SVR 1.00 0.0387 0.0477 11.61 0.97 0.07 

SCS (1963) 1.00 0.0580 0.0583 30.45 0.96 0.01 

Jarrett (1984) 1.00 0.1017 0.1313 20.59 0.80 0.17 

LSCS (1992) 1.00 0.0415 0.0514 17.45 0.97 0.09 

Shiono et al. (1999) 0.96 0.2605 0.3352 55.88 0.28 0.42 

Jena (2007) 1.00 0.0294 0.0329 18.56 0.99 0.06 

Khatua et al. (2011b) 0.97 0.125 0.135 44.24 0.79 0.10 

FCF B-47 
(1990-

1991) 

MARS 1.00 0.0043 0.0050 2.09 1.00 0.29 

GMDH-NN 1.00 0.0178 0.0225 6.78 0.99 0.30 

GEP 1.00 0.030 0.045 10.21 0.96 0.31 

SVR 1.00 0.0198 0.0237 10.73 0.99 0.30 

SCS (1963) 1.00 0.0551 0.0556 39.17 0.94 0.29 

Jarrett (1984) 1.00 0.0702 0.0963 18.85 0.82 0.34 

LSCS (1992) 1.00 0.0317 0.0393 21.87 0.97 0.31 

Shiono et al. (1999) 1.00 0.1903 0.2516 53.92 0.20 0.52 

Jena (2007) 1.00 0.0287 0.0312 25.22 0.98 0.30 

Khatua et al. (2011b) 0.98 0.102 0.111 46.20 0.77 0.32 
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Willetts 
and 

Hardwick 

(1993) 

MARS 1.00 0.0003 0.0004 4.08 0.99 0.05 

GMDH-NN 0.99 0.0004 0.0005 6.06 0.98 0.07 

GEP 1.00 0.0003 0.0005 4.14 0.99 0.06 

SVR 0.99 0.0011 0.0014 20.45 0.86 0.14 

SCS (1963) 1.00 0.0050 0.0061 94.04 1.41 0.50 

Jarrett (1984) 0.99 0.0006 0.0007 12.90 0.97 0.05 

LSCS (1992) 1.00 0.0032 0.0039 61.02 0.02 0.32 

Shiono et al. (1999) 1.00 0.0024 0.0031 38.19 0.38 0.27 

Jena (2007) 1.00 0.0018 0.0022 29.82 0.68 0.18 

Khatua et al. (2011b) 0.90 0.0019 0.0023 52.92 0.64 0.34 

Pradhan 

and 

Khatua 
(2017) 

MARS 0.96 0.0034 0.0041 8.53 0.75 0.07 

GMDH-NN 1.00 0.0037 0.0048 8.47 0.65 0.08 

GEP 0.99 0.0049 0.0052 11.93 0.58 0.05 

SVR 1.00 0.0025 0.0027 6.96 0.89 0.06 

SCS (1963) 1.00 0.0093 0.0101 22.80 0.56 0.10 

Jarrett (1984) 1.00 0.0206 0.0209 53.42 5.67 0.08 

LSCS (1992) 1.00 0.0145 0.0147 37.71 2.30 0.05 

Shiono et al. (1999) 0.51 0.0218 0.0228 54.57 6.97 0.17 

Jena (2007) 1.00 0.0234 0.0238 60.11 7.63 0.11 

Khatua et al. (2011b) 0.37 0.019 0.020 52.50 5.23 0.34 

4.6.6 Application of Model to River Data 

The developed model should also be adequate for its practical application, imitating the 

natural phenomena. The most effective hydraulic experimental solutions may not 

necessarily be the most globally acceptable solutions. Therefore, the method must be 

tested for its suitability to the field data. River Baitarani, India is chosen for the 

application of the developed model for calculation of discharge involving meandering 

compound channel. Two sets of overbank flow data i.e., for 7.5 m depth of flow in the 

year 1985 flood and 8.63 m depth of flow in the year 1975, is considered of the site can 

be located between longitude o86 8  E and latitude o20 10  N  at Anandapur, India. Figure 

4.11 shows the plan and cross-sectional view of River Baitarani (Patra and Kar 2000). 

At Anandapur site, the river has developed a good meandering plan form with a drainage 

area of 8570 km2. The average bank full depth ( )h , the width of the main river ( )b , a top 

width of the main river ( )T , sinuosity ( ),s  Meander Belt width ( )MWB , and amplitude 

( )  of the river is scaled as 5.4 m, 210 m, 230 m, 1.334, 108 m, and 425 m, respectively. 

The area of the river cross-section is measured as 1995 m2, 2485 m2 and perimeter as 460 

m, 510 m for 7.5 m and 8.63 m flood flow depths respectively. The surface condition for 

the main channel is sandy, whereas the floodplain has grass vegetation. The average 
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longitudinal slope of the channel bed is 0.0011 for both the floodplain and main river. 

Geometrical parameters of the river Baitarani and discharge of two floods are given in 

Table 4.10. The river data is collected from Government of India Central Water 

Commission, Eastern Rivers Division, India. 

 

Figure 4.11: Cross-section of Baitarani river at the gaging-site (Anandapur, Odisha, 

India) from Patra and Kar (2000).  

Table 4.10: Hydraulic and Geometric Properties of the Baitarani River. 
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Discharge, 
Q  (m3/s) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

40 a  7.5 474.6 38.89 2.26 0.28 0.895 0.227 15.82 2.58 7855 

41.2 b  8.63 514.5 38.89 2.45 0.374 0.826 0.209 10.29 2.32 12200 

a Government of India Central Water Commission, Eastern Rivers Division, (Annual 1985); b Government 

of India Central Water Commission, Eastern Rivers Division, (Annual 1975). 

While using the model equations that are provided by GEP [Eq. (4.2)], MARS [Eq. 

(4.3)], and GMDH-NN [Eq. (4.4)] for the evaluation of Manning’s correction factor 

( )n n , we need the values of input parameters. For the river Baitarani the values of ,

, , ,rs oS  are described in Table 4.10. By putting the corresponding values in 

equations [Eqs (4.2), (4.3) and (4.4)], we get the final value of Manning’s correction 

factor n n  by three models, which are subsequently used to get Manning’s n  and the 

discharge in the river. For 7.5 m depth of flow in the river Baitarani, the Manning’s n  
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is calculated by GEP, MARS, and GMDH-NN models are 0.0252, 0.0215, and 0.0233, 

respectively. Similarly, for 8.63 m flow depth, the Manning’s n , calculated by GEP, 

MARS, and GMDH-NN model as 0.018, 0.0192, and 0.0203, respectively. 

Subsequently, the values of discharge are estimated by substituting n value in 

Manning’s general equation. A comparative study of discharge calculated from 

developed GEP, MARS, GMDH-NN and SVR approaches with the results of various 

analytical models [SCS (Fasken 1963), Jarrett (1984), LSCS  (James and Wark 1992), 

Shiono et al. (1999), Jena (2007) and Khatua et al. (2011b)] for River Baitarani are also 

calculated to evaluate the performances of the present models. Discharge results that are 

based on the application of GEP, MARS, GMDH-NN, SVR and various analytical 

models are given in Table 4.11 that indicates the adequacy of the MARS and GMDH-

NN model. Analysis of inaccuracy in terms of the percentage of error ( )ie  and Mean 

Absolute Scaled Error (MASE) are described in Table 4.11 for the Baitarani river data. 

Table 4.11: Testing of Model by Predicting Discharge of Baitarani River. 

Models 

Stage = 40 m Stage = 41.2 m 

Predicted 

Discharge 

Error 

( )ie (%) 
MASE 

Predicted 

Discharge 

Error 

( )ie (%) 
MASE 

(1) (2) (3) (4) (5) (6) (7) 

SCS (1963) 4500.4  42.71 0.43 6058.3  50.34 0.5 

Jarrett (1984) 4820.6  38.63 0.39 6489.3  46.81 0.47 

LSCS (1992) 3235.3  58.81 0.59 4271.5  64.99 0.65 

Shiono et al. (1999) 3614.2  53.99 0.54 4863.3  60.14 0.6 

Jena (2007) 194.9  97.52 0.98 258.9  97.88 0.98 

Khatua et al. (2011b) 4562.2  41.92 0.42 7062.4  42.11 0.42 

GEP 6985.8  11.07 0.11 13158.4 7.86 0.08 

MARS 8177.7 4.11 0.04 12369.6 1.39 0.01 

GMDH-NN 7546.6  3.93 0.04 11681.6  4.25 0.04 

SVR 7201.6  8.32 0.08 8558.9  29.85 0.3 

We have also carried out the analysis of inaccuracy of discharge in terms of the 

RMSE, MAE, MAPE, E, and SI as described in Table 4.12 for various approaches. The 

mean percentage error (ME) for prediction of discharge by various approaches and their 

standard deviation (SD) is shown in Fig. 4.12. It is observed that the MARS model gives 

the minimum mean percentage error. It is also found that the least values of respective 

MAE, RMSE, MAPE, E, and SI are 246.2 m3/s, 257.8 m3/s, 2.75%, 0.99 and 0.007, 

respectively for MARS model. The results give a clear suggestion of the efficiency of 

the MARS model and its use for all practical applications. 



Chapter 4              Calculations of Flow Resistance in Meandering Compound Channel 

98 
 

Table 4.12: Testing of Various Approaches for Predicting Discharge of River Baitarani. 

Approaches MAE RMSE MAPE (%) E SI 

(1) (2) (3) (4) (5) (6) 

GEP 913.8 914.9 9.46 0.82 0.089 

MARS 246.2 257.8 2.75 0.99 0.007 

GMDH-NN 413.4 426.6 4.09 0.96 0.010 

SVR 2147.3 2615.8 19.08  0.45 0.146 

SCS (1963) 4748.1 4948.4 46.52  4.19 0.136 

Jarrett (1984) 9800.6 10031.6 97.70  20.32 0.209 

LSCS (1992) 4372.6 4572.7 42.72  3.43 0.130 

Shiono et al. (1999) 6274.1 6488.6 61.90  7.92 0.161 

Jena (2007) 5788.8 5992.2 57.06  6.61 0.151 

Khatua et al. (2011b) 4215.2 4315.0 42.02  2.94 0.090 

 
Figure 4.12: Variation of Percentage of Mean Error for Discharge in River Baitarani 

Considering Various Manning’s n  Models. 

4.7 Conclusions 

The primary interest of this study is to show the suitability of MARS model for the 

evaluation of Manning’s n  to further the conveyance estimation in meandering 

compound channels. It is pertinent to mention that these proposed models are based on 

laboratory datasets with dimensionless geometric parameters in the ranges of 2.13 ≤α ≤ 

16.08, 0.017 ≤ β ≤ 0.83, 0.0003 ≤ oS ≤ 0.0061, 1.04 ≤ s ≤ 4.11 and 0.357≤ω ≤ 1. The 

fitness of the MARS model is compared with GEP, GMDH, GPR, ELM and SVR 

machine learning methods. The proposed model by MARS model can be used for a wide 

range of channel dimensions as well as their hydraulic characteristics. The traditional 

methods available for predicting the Manning’s n  for estimating the conveyance in the 

meandering compound channels has many disadvantages. The MARS model suggests 

better results in comparison to other approaches that has been tested through error 
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analysis such as R2, MAE, RMSE, MAPE and SI for varies datasets. The percentage of 

mean error and the standard deviation for the developed model and comparative study 

indicates the adequacy of the MARS, GEP and GMDH-NN models for field study. The 

model is also applied to river data which enhances its practical applicability. 
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Chapter 5 

5 Shear Force Distribution in 

Meandering Compound Channel 

5.1 General 

Quantifying uncertainty in water resources engineering problems related to the flood 

analysis is quite difficult. In many circumstances, our fundamental understanding of flow 

characteristics of a river is not up to the mark. Flows in the river is a highly complex 

natural process and the flow characteristics such as discharge, velocity, and shear stress 

distributions are very challenging to model. Boundary shear stress distribution in open 

channel is a significant parameter towards the solution of many river engineering 

problems such as flood control, sediment transport, and river bank protection. The 

present work focusses on distribution of boundary shear force across the cross-section of 

meandering compound channels. The research focuses on developing a model for 

predicting the percentage sharing of shear force in floodplain (% )fpS  using various 

computational intelligence approaches like the Gene-Expression Programming (GEP), 

Multivariate Adaptive Regression Spline (MARS) and Group Method of Data Handling 

Neural Network (GMDH-NN). The non-parametric regression methodology is adopted 

in these approach for developing a model of shear force percentage in the floodplain 

(% )fpS of two-stage meandering channels. The width ratio, relative depth, sinuosity, bed 

slope, and meander belt width ratio of the channels are taken as input variables in the 

model. The present study also presents the comparative evaluation of GEP, MARS and 

GMDH-NN approach with other two data driven models i.e. Support Vector Machine 

(SVM) and K-Nearest Neighbour (KNN) and previously developed analytical equations 

i.e. Patra and Kar (2000), Khatua and Patra (2007) and Khatua et al. (2011a) for testing 

the compatibility of the developed models. 

5.2 Introduction 

Flow in a river is affected by turbulence and has the three-dimensional structures. As a 

result, estimation of various flow parameters such as discharge, velocity, and shear stress 

pose a challenge in selecting a modeling approach. Although many researchers have 
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investigated the solution to the boundary shear distributions in streams, the mechanisms 

are still not clear Leighly (Ghosh and Roy 1970; Hwang and Laursen 1963; Kar 1977; 

Knight and Patel 1985; 1932; Patel 1984; Patel 1965; Preston 1954). Distributions of 

boundary shear stress in the straight compound channels was investigated by some 

researchers (Ghosh and Jena 1971; Knight 1981). Further the distribution of boundary 

shear stress on meandering compound channels were investigated by other researchers 

and provided some generalized equations for calculating the distribution of shear force 

across the boundary (Berlamont et al. 2003; Christensen and Fredsoe 1998; Khatua and 

Patra 2007; Khatua et al. 2011a; Knight et al. 1984; Patra and Kar 2000).  

The above investigations have used traditional regression techniques to calculate the 

boundary shear force, however these techniques are not fully capable of explaining the 

influence of individual channel geometry variables and flow parameters. In contrast, 

machine learning (ML) approaches are quite capable of simulating the process to develop 

a set of equation for accurately predicting the shear stress for meandering compound 

channels. In addition to numerical and physical models, ML algorithms (MLAs) also 

have a long tradition in flood modeling, and have gained popularity. Recently, MLAs 

such as multivariate adaptive regression splines (MARS), support vector machines 

(SVM), genetic algorithm (GA), Group Method of Data Handling (GMDH), and K-

nearest neighbors (KNN) have been successfully used to solve a variety of problems 

relating to water resources, hydraulic and hydrological engineering fields (Deo and Sahin 

2015; Mehdizadeh et al. 2017a; Milukow et al. 2018; Mohanta et al. 2018; Najafzadeh 

et al. 2018; Shende and Chau 2018; Varvani and Khaleghi 2018). Cobaner et al. (2010) 

used neural networks to analyze the boundary shear stress of smooth rectangular 

channels. Bonakdari and Baghalian (2011) effectively used the artificial neural network 

(ANN) and GA to model the flow pattern of the meandering channel having a 90  bend.  

       The novelty of this research is to develop model equations for the prediction of % fpS  

using three selected nonlinear machine learning (ML) approaches namely, multivariate 

adaptive regression splines MARS, Group Method of Data Handling (GMDH), and 

Gene-expression programming (GEP). Further these models were validated through 

other ML approaches like K-nearest neighbors (KNN) and Support Vector Machine 

(SVM). These models employ computational intelligence with a limited set of predictor 

dataset and do not require any priori knowledge of the mathematical relationships that 

interlink the predictors with objective variable (Adamowski et al. 2012; Deo et al. 2016). 
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K-Nearest Neighbor (KNN) is an approach that classifies the cases based on their 

similarity to other cases (Akbari et al. 2011; Genc and Dag 2016; Karlsson and Yakowitz 

1987). GMDH neural network is known as a self-organized approach with the capability 

of solving extremely complex nonlinear problems (Amanifard et al. 2008; Najafzadeh 

and Azamathulla 2013; Najafzadeh and Lim 2015). MARS is a rapid, flexible and 

accurate method for forecasting continuous and binary outputs using a combination of 

linear and non-linear approaches (Friedman 1991). Relation of the MARS model is 

additive and interactive that causes fewer variable interactions and bias which is the main 

advantage of the model (Adamowski et al. 2012). MARS develops nonparametric 

modelling without identifying functional relationships between inputs and output to 

understand and explain the effect of pertinent variables, unlike neural networks or 

random forest (Samui 2013; Yuvaraj et al. 2013). It has the automated capability for 

handling missing data for a large databases and selecting important variables 

automatically to predict the output. It can make prediction quickly in terms of 

computation time as compared to SVM (Mehdizadeh et al. 2017b).  

       This study is focused on selecting a reliable method amongest the MARS, GMDH, 

and GEP for predicting the percentage of longitudinal shear force on the floodplain % fpS

for meandering compound channels. The dataset used in this study is recorded from the 

experimental setup flume at the NIT Rourkela, India as well as from other published data 

having similar channel geometry. In this study, five influencing non-dimensional factors 

are used as inputs to the model for predicting the target % fpS values. Sensitivity of each 

input parameters for predicting % fpS  is discussed. Estimation of the percentage of shear 

force on the floodplain through other selected approaches are also computed and 

respective performance as well as prediction error analysis is carried out to measure the 

effectiveness of the developed models.  

5.3 Sources of Data 

The percentage of shear force distribution on floodplain walls and bed (% )fpS  is 

calculated in meandering compound channels with a different sinuosity constructed at 

the hydraulics-engineering laboratory under the department of civil engineering, 

National Institute of Technology (NIT) Rourkela, India. The results of sharing of shear 

force are discussed briefly in section 3.8 of chapter 3. Besides the present experimental 

work, reported data of other researchers are also used to calibrate models for predicting 
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the % .fpS  To evaluate the distribution of shear force across the channel boundaries from 

the above theoretical approaches, reported experimental data have also been collected 

and used. Authors have used data from Kar (1977), Das (1984), Patra and Kar (2000), 

Khatua (2007), and Mohanty (2013) to predict the % .fpS  Details of these experimental 

channels are described previously in section 2.2 of chapter 2. All the experimental 

channel data used in the present work are of similar hydraulic nature i.e. having smooth 

meandering compound channels. The sinuosity ranges from 1.03 to 2.00. Experimental 

parameters for the various data series of the meandering compound channel used for 

modelling of % fpS  are given in Table 5.1.  

         The experimental channels considered for the present analysis can be grouped as 

medium sinuous with the sinuosity ranging between 1.03 and 2.0. Authors have chosen 

two high sinuous channels with the sinuosity ( )s  of 2.06 (Willetts and Hardwick 1993) 

and 4.11 (Pradhan and Khatua 2017a) for its applicability and suitability. Details of 

experimental channel dimensions of Willetts and Hardwick (1993) and Pradhan and 

Khatua (2017a) are described previously in section 2.2 (Chapter 2) and the shear force 

data are given in Table 5.2. 

5.4 Model Development  

The foremost task of the study was to explore the practicality of the multivariate adaptive 

regression spline (MARS), gene-expression programming (GEP) and Group Method of 

Data Handling neural network (GMDH-NN) methodologies for predicting the 

percentage of shear force at floodplain (% )fpS .  

Following the work of Knight and Hamed (1984), Patra and Kar (2000), Khatua and 

Patra (2007) and Khatua et al. (2011a) it is seen that, the % fpS  in the meandering 

compound channel is dependent on some dimensionless parameters like width ratio of 

the channel ( ) , relative depth ( ) , sinuosity ( )s , longitudinal channel bed slope o( ),S  

and meander belt width ratio ( ) . The dimensionless equation for % fpS can be written 

as:  

 
o% ( ,  ,  ,  ,  )fpS f s S    (5.1) 

Here, the values of o,  ,  ,  s S  and   are taken as input variables to determine % fpS . 
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Table 5.2: Hydraulic parameters for meandering compound channels of higher sinuosity. 

Channel 

Data 

Stage, 

H (m) 
  ( / )b h    ( / )B b    ( / )H h h  mcn  fpn  

Discharge 

Q  3( / )m s  

(1) (2) (3) (4) (5) (6) (7) (8) 

Willetts 

and 

Hardwick 

(1993) 

0.055 2.78 6.9 0.091 0.0142 0.0204 0.00076 

0.059 2.78 6.9 0.147 0.0142 0.0204 0.00123 

0.061 2.78 6.9 0.176 0.0142 0.0204 0.00164 

0.063 2.78 6.9 0.211 0.0142 0.0204 0.00200 

0.066 2.78 6.9 0.246 0.0142 0.0204 0.00275 

0.070 2.78 6.9 0.286 0.0142 0.0204 0.00345 

0.075 2.78 6.9 0.332 0.0142 0.0204 0.00477 

0.079 2.78 6.9 0.366 0.0142 0.0204 0.00600 

0.083 2.78 6.9 0.399 0.0142 0.0204 0.00646 

0.085 2.78 6.9 0.410 0.0142 0.0204 0.00677 

0.090 2.78 6.9 0.444 0.0142 0.0204 0.00800 

0.096 2.78 6.9 0.481 0.0142 0.0204 0.00970 

0.103 2.78 6.9 0.516 0.0142 0.0204 0.01154 

0.109 2.78 6.9 0.541 0.0142 0.0204 0.0139 

Pradhan 

and 

Khatua 

(2017) 

0.085 5.077 11.97 0.235 0.01 0.01 0.0281 

0.089 5.077 11.97 0.270 0.01 0.01 0.0341 

0.093 5.077 11.97 0.297 0.01 0.01 0.0396 

0.094 5.077 11.97 0.307 0.01 0.01 0.0416 

0.100 5.077 11.97 0.350 0.01 0.01 0.0522 

Thus, a main chore was to determine the relevant testing and training data subset 

to construct the predictive model and to evaluate its performance. Researchers have used 

different data division between testing and training that varies with problems. There is 

no particular rule for the divisional process of training and testing data. A total of 65 

numbers of data (Table 5.1) are used in modelling that are distributed randomly for 

training and testing. For the present work, about 70% of data are used for training and 

the rest 30% for testing. The training and testing data had been chosen randomly from 

the input dataset.  
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5.4.1 Development of Gene-expression Programming (GEP) Model for 

Percentage of Shear Force at Floodplain (% )fpS  

The relationship describes percentage of shear force at floodplain (% )fpS  [Eq. (5.1)] as 

a function of geometric as well as hydraulic factors. The modelling process adopted in 

this study designates % fpS as the target value and the five independent parameters 

o( ,  ,  , ,  )s S    as input variables in Eq. (5.1). Four basic arithmetic operators (+,  , 

 ,  ) and basic mathematical functions 2[x , x , xe , 1/ x , ln( )x , (1 )]x  are used for 

the development of the model. For the present case RMSE was used as the fitness function 

and the fitness ( )if  returns the summation of error in the target value for which root 

mean square error (RMSE) is calculated.  

Initially, the model was generated with a single gene and two head lengths. Subsequently, 

the number of genes and heads were increased one at a time during each run and the 

performances of training and testing dataset were recorded. It was observed that the 

performances of training and testing data phase did not significantly improve for the head 

length greater than 8 and more than three genes. Therefore, eight as the head length, and 

three genes per chromosome were adopted for the development of GEP model. Addition 

operator was used as the linking function of three genes. A large number of generations 

(164350) were tested. After 164350 number of generations it is seen that, there is no 

variation in the performances of training and testing phase i.e. the generations may stop 

at this stage. The important parameters that affects the performance of the GEP modelling 

which are used for the development of model for estimating % fpS are presented in Table 

5.3. All mentioned parameters are selected by the trial and error basis to obtain the 

optimum model of the GEP in the form of an algebraic equation between output and 

input variables. The simplified analytical form of the proposed GEP model is expressed 

as 

 2

o% ((9.31 ln((( / ) (10.55 )))) 10.55) (((( 7.22) / ) / )

            (ln( ) ( 10.31))) (( (( )) ( 10.8)) / ( / ( 5.52)))

fpS S s

exp s s

  

    

      

      
 (5.2) 

Equation (5.2) can also be expressed as 

  1 1 1

o

1

% 54.44 9.3 ln ( 7.22)

            10.31  ln( ) ( 10.8)( 5.52)

fp

s

S S s

e s

  

   

  



    

  
 (5.3) 
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Table 5.3: Functional set and Operational Parameters Used in GEP Model. 

Description of Parameter 
Parameter Setting for 

% fpS  model 

(1) (2) 

Function Set 
+,  ,  ,  , x2, x , ex, 

1/x, ln (x), and (1-x) 

Number of Chromosomes 30 

Head Size 8 

Number of Genes 3 

Gene Size 23 

Linking Function   Addition 

Fitness Function  RMSE 

Program Size 39 

Literals 12 

Number of Generations 164350 

Constants per Gene 10 

Data Type Integer 

Mutation 0.00138 

Inversion 0.00546 

Gene recombination rate 0.00277 

One-point recombination rate 0.00277 

Two-point recombination rate 0.00277 

Gene transposition rate 0.00277 

Insertion sequence (IS) 

transposition rate 0.00546 

Root insertion sequence (RIS) 

transposition rate 0.00546 

An expression tree (ET) representation for Eq. (5.2) is shown in Fig. 5.1, which 

represents GEP model for the estimating % fpS . In Fig. 5.1, d0 stands for  , d1 

represents , d2 represents s , d3 represents oS , and d4 represents  . C1 and C2 

represent the numerical constants used in the 1st gene of the model. C3 and C4 represent 

the constant used in the 2nd gene of the model. Similarly, C5 and C6 represent the 

constants used in the 3rd gene of the model. 
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Figure 5.1: Expression Tree (ET) for GEP formulation. 

5.4.2 Development of Multivariate Adaptive Regression Spline 

(MARS) Model for Percentage of Shear Force at Floodplain 

(% )fpS  

The most popular data-based method from the machine-learning field is the Multivariate 

Adaptive Regression Spline (MARS), which is adopted here to obtain a model for the 

prediction of % fpS in compound meandering channels. MARS is a type of non-

parametric regression model first introduced by Friedman (1991). It combines 

nonlinearities and interactions between variables automatically, for predicting 

continuous outputs (Leathwick et al. 2005). It also divides the data into several splines 

in the corresponding interval, wherein each spline splits the predictors into subgroups 

and knots for linear relationships (Friedman and Roosen 1995). For this MARS model 

case, 15 basis functions are used initially by the forward step process out of which five 

basic functions are deleted by the backward step process. Finally, an optimum model for 
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prediction of % fpS  was restricted, giving rise to 10 basis function [ ( )]iF x  and a total of 

11 terms. In the MARS model, residual sum of square error (RSS) and generalized cross-

validation (GCV) criteria were also used to select and determine the importance of the 

influencing parameters. Before predicting the values of % fpS , the performance ranking 

test of independent variables such as α ,  , s , oS , and   was performed using RSS and 

GCV criteria. The RSS and GCV values for individual parameters are calculated and 

shown in Table 5.4 along with their n-subsets value. Using RSS and GCV values, the 

independent variables were consequently ranked as  (1)α ,  (2) , o  (3)S ,  (4) , and 

 (5)s . Here MARS used all five influencing parameters to build a model equation. The 

analysis demonstrated that the width ratio ( )α was more important for predicting % fpS .  

Table 5.4: Values of GCV, RSS and n-subsets for Individual Parameters. 

Parameters n-subsets GCV RSS 

(1) (2) (3) (4) 

α  9 100 100 

  8 62.2 63.6 

oS  7 46.3 50.2 

  5 44 41.8 

s  5 44 41.8 

The 10 k-fold cross validation was used for MARS performance to predict % .fpS  

Finally, the optimum model for the prediction of % fpS is described as 

 10

1

% 88 ( )fp i i

i

S c F x


   (5.4) 

where % fpS denotes the percentage of shear force at floodplain, ( )iF x is the basis 

function of the independent variable ( )x  and ic  the coefficient. The percentage of shear 

force at floodplain, % fpS  was computed through Eq. (5.4) where the basis functions, 

( )iF x  and coefficients ( )ic  are given in Table 5.5. 
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Table 5.5: Basis Functions, ( )iF x and Coefficients, ic  used for obtaining the % fpS  

using Multivariate Adaptive Regression Splines (MARS) 

( )iF x  Equation ic  

(1) (2) (3) 

1( )F x  max(0,  5.2 )   6 

2 ( )F x  max(0,  0.842)    80 

3( )F x  max(0,  0.92 )   15 

4 ( )F x  max(0,  2.06)s    8 

5 ( )F x  omax(0,  0.001)S    11034 

6 ( )F x  omax(0,  0.0031)S   14418 

7 ( )F x  max(0,  0.332 )     47 

8 ( )F x  max(0,  0.33)     69 

9 ( )F x  max(0,  5.52)    4 

10 ( )F x  max(0,  0.92)    258 

      While using Eq. (5.4) for evaluation of % fpS , the series for ( )iF x  and ic  values were 

required. For this case, the ( )iF x  value was computed by substituting α , β , s , oS , and 

ω  values into column (2) of Table 5.5. By multiplying the corresponding coefficient 

term ( )ic  (column 3), we obtained the final MARS model estimate of % fpS for the 

compound channels. 

5.4.3 Development of Group Method of Data Handling Neural 

Network (GMDH-NN) Model for Percentage of Shear Force at 

Floodplain (% )fpS  

GMDH-NN model was established by using GMDH Shell software (Amanifard et al. 

2008) and is used here to find non-linear relationships between percentage of shear force 

on floodplain (% )fpS and independent inputs variables i.e. α , β  , s  , oS  , and ω . The 

algorithm is characterized as a set of neurons, where various pairs of the neurons are 

related through a quadratic polynomial of GMDH-NN network. The data was trained 

while using the quadratic neural function and consequently resulting new neurons in the 

subsequent layer (Arcement and Schneider 1989). 

In the training of each layer, neurons are generated based on all the possible 

combinations of input variables. Then, these neurons are screened automatically based 

on their ability to predict the target variable. Only those neurons having good prediction 

powers (meets the criterion) are fed forward for the training of the next layer, and the rest 
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are discarded (Jia et al. 2018). For the present case, the second-order polynomial function 

is chosen to create a generalized structure of the GMDH network for modeling the 

percentage of shear force on floodplain (% )fpS . Based on the previous investigations, 

selection of polynomials could also depend on minimum error of objective function and 

complexity of polynomial type. In this study, 5 fold cross-validation was used to build 

the GMDH-NN model. In modelling process, root mean square error (RMSE) criteria is 

adopted for validating the developed model in testing phase. Initial layer width is taken 

as 1000, which gives the best results for the present case. The formulas that were obtained 

from the GMDH-NN model for predicting % fpS  are given as 

 
2 2% 4.21 0.68( ) 0.26( )( ) 0.13( ) 0.13( )fpS A A B A B      (5.5) 

where 2

2

4 6 2 2

o o

2 2

89.43 3.11( 1) 0.03( 1)( 2) 0.02( 2)

5 0.08( )( 1) 0.93( ) 0.84( 1)

1 75.99 2.27 10 ( ) 2.79 10 ( ) 158.8( ) 215.66( )

2 149.38 159.4( )( ) 155.6( ) 105.08( ) 5.62( )

1 2.39 12.83( ) 0.58

A A A A A

B s B s B

A S S

A s s s

B

 

 



    

   

      

    

    2 2( ) 115.24( ) 126.95( )   

  

 

Equation (5.5) is presented taking into account the explanations given above regarding 

the manner for calculating the % fpS , which is essential when using the independent 

parameters presented in the equation with two hidden layers. GMDH-NN is developed 

with the number of population individuals of 100 and with 300 generations selected, 

exceeding which values does not lead to better results. In GMDH initial layer width is 

set as 1000. The manner of the independent parameters connecting to each other in 

different layers for calculating the % fpS  is illustrated in Fig. 5.2. 

 
Figure 5.2: Evolved Structure of GMDH-NN for the Prediction of % fpS . 
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5.4.4 Prediction of Percentage of Shear Force on Floodplain (% )fpS  

Using Support Vector Regression (SVR) Approach 

A regression methodology in Support Vector Machine (SVM) is adopted for predicting 

percentage of shear force on floodplain (% ),fpS  which is termed as support vector 

regression (SVR). Generally, the performance of SVR depends on meta-parameters

( ),fC  insensitive loss function ( )ε , and the kernel parameters ( )σ . For the present 

situation, SVR model is trained using the Kernel type radial basis function (RBF) with 

62 numbers of support vectors ( ).SVN  Architecture of support vector regression for 

predicting % fpS  is shown in Fig. 5.3. 

 

Figure 5.3: Evolved Structure of SVR model for the Prediction of % fpS . 

In SVR process, 62 support vectors are bounded into 54 terms. The best result is obtained 

with regularization parameter ( fC = 14), insensitive loss function ( = 0.1), and kernel 

parameter ( =0.2). The developed SVR model gives the following equation for the 

prediction of % fpS  with 
2

( )( )
( , ) exp

2

T

i i
i

y y y y
K y y



  
  

 
, fb =0,  =0.2, and 

62SVN   as 

 62
*

1

( )( )
% ( )exp

0.08

T

i i
fp i i

i

y y y y
S γ γ



  
   

 
  (5.6) 

where *( )i iγ γ are the support vectors. If the difference in Lagrange multipliers ( iγ and 

*)iγ  are zero, it implies that the training data are considered to be irrelevant for the final 

solution. The difference in training data with non-zero Lagrange multipliers *( )i iγ γ  are 

called support vectors.  
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5.4.5 Prediction of Percentage of Shear Force on Floodplain (% )fpS  

Using K-Nearest Neighbor (KNN) Approach 

The K-nearest neighbor (KNN) algorithm combines the required output values of K 

selected neighbors for a given training set to predict the pattern of output results of the 

testing dataset. In order to predict % fpS , the array space is explored by using the KNN 

method to find the closest training results to the test result. A weight function such as the 

Euclidean distance is used to quantify the similarity between two output results that 

consists N  attributes represented as: 

 
2

1

( , ) ( )
N

a

i j k ik jk

k

d X X w x x


   (5.7) 

where iX  is the feature vector of testing dataset, 
jX  the feature vector of calibration 

dataset, k  the indices for attributes, i  and j the indices of testing and training dataset 

respectively, a

kw  the weight of each attribute, N  is the number of attributes, ikx  and 
jkx  

the normalized values of the thk  indices value of thi and thj data respectively. The 

weights of attributes are decided through minimizing the mean square error value for 

predicted values of the training dataset (Karlsson and Yakowitz 1987). The predicted 

output for the test dataset ( )iY for the given input values (neighbors) jY  is calculated 

from the following expression 

 
1 1

K K
n n

i j j j

j j

Y w Y w
 

   (5.8) 

where n

jw  is the weight of each neighbor and K  the number of neighbors. The mean 

value of K-nearest neighbors is calculated by using the value of 
n

jw  as 1 K . The kernel 

function was used in the model, which decreased gradually with increasing distance of 

neighbors (Akbari et al. 2011). The best value for the number of nearest neighbors, K  

was quantified by trial and error and was found to be 5 for this work. 
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5.5 Results and Discussions 

The developed empirical equations [Eq. (5.3), Eq. (5.4) and Eq. (5.5)] using GEP, MARS 

and GMDH-NN algorithms accounting with five independent non-dimensional 

parameters [width ratio ( ) , relative depth ( ) , sinuosity of the main channel ( )s , 

Channel bed slope o( )S  and meander belt width ratio ( )]  to deal with every possible 

dimensions to get the better results of percentage of shear force on floodplains (% )fpS

for meandering compound channels. Performance of each individual parameter used for 

modelling of % fpS are measured by sensitivity analysis technique. The developed model 

equations were also compared with two data driven models such as KNN and SVR to 

show their compatibility and also to determine the best model for predicting % .fpS  

Furthermore, to check the strength of the present developed models in comparison to 

other existing % fpS  models, authors had applied Eq. (5.3), Eq. (5.4) and Eq. (5.5) and 

models of other investigators such as Patra and Kar (2000), Khatua and Patra (2007), and 

Khatua et al. (2011a) to all the experimental channel data along with present 

experimental data to determine % fpS . Uncertainty analysis for the predict error is also 

carried out to choose the best alternative. Further, the developed Eq. (5.3), Eq. (5.4) and 

Eq. (5.5) are validated for higher sinuous channels of sinuosity 2.66 and 4.11 for 

justifying their acceptability. 

5.5.1 Sensitivity Analysis of the Proposed Models for Predicting %
fp

S  

Having developed Eq. (5.3), (5.4) and (5.5) through GEP, MARS and GMDH-NN 

approaches, it is necessary to analyze the sensitivity of the developed models against the 

presumed input parameters. Sensitivity of the input parameters to the developed model 

is crucial to draw information about their contribution to the model (Barati 2013; 

Gandomi et al. 2013). The percentage of sensitivity ( )iS for each individual input 

parameters are established which are given in Table 5.6 for GEP, MARS and GMDH-

NN models. 
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Table 5.6: Sensitivity percentage of various parameters for calculating the value of 

% fpS considering the presumed models 

Models 
Sensitivity (%) 

      s  
oS  

(1) (2) (3) (4) (5) (6) 

GEP 45.09 27.17 4.05 8.10 15.58 

MARS 26.18 31.10 7.00 21.09 14.63 

GMDH-NN 23.67 47.76 3.89 11.42 13.26 

 It can be seen from Table 5.6 that the relative depth ( )β has the maximum effect on the 

prediction of % fpS  in MARS and GMDH-NN models with a sensitivity of 31.1% and 

47.76%, respectively followed by the width ratio ( )α having a sensitivity of 26.18% and 

23.67%, respectively. Against to both MARS and GMDH-NN approaches, in case GEP 

approach α  has the maximum effect on the prediction of % fpS  with a sensitivity of 

45.09% followed by β  having a sensitivity of 27.17%. In case of MARS model, the 

longitudinal bed slope o( )S has the least sensitivity of 14.63% as compared to sinuosity

( )s  of 21.09%. But in case of GEP, and GMDH-NN models, s  has the least sensitivity 

of 8.1% and 11.42%, respectively as compared to the parameter oS  having sensitivity of 

15.58% and 13.26% respectively which contradict the MARS approach. The meander 

belt width ratio ( )ω has the least significant sensitivity for all MARS, GEP, and GMDH-

NN approaches as 7%, 4.05% and 3.89%, respectively in predicting % fpS . 

5.5.2 Comparison of Developed Models with Various Machine 

Learning Approach 

Results from the GEP, MARS, and GMDH-NN models for predicting the value of % fpS

were compared with two other machine-learning approaches (SVR, and KNN). Five 

numbers of input neurons were considered which were denoted as the predictor variables 

to predict percentage of shear force on floodplains through a functional relation

o% ( ,  ,  ,  ,  )fpS f α β ω s S .  

      The authors had applied the model, equations [Eq. (5.3), Eq. (5.4) and Eq. (5.5)] to 

the independent data sets that were kept for the validation purpose. MARS, GEP, and 

GMDH-NN, machine learning (ML) approaches used in this study show promising 

results for predicting % fpS  as compared to SVR, and KNN approaches. Figure 5.4 
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shows the scatter plots between the predicted versus observed % fpS  value for various 

ML approaches. It clearly depicts that the % fpS  values are close to the line of the good 

agreement which indicates the robust predicting ability of the developed GMDH-NN, 

GEP, and MARS models. GMDH-NN, GEP and MARS are better than the SVR and 

KNN for their generation capability of analytical non-parametric equations which can be 

used for practical applications. Performance evaluation in terms of 
2R (coefficient of 

determination), ME (percentage of mean error), E (coefficient of efficiency), MAE (mean 

absolute error), RMSE (root mean square error) MAPE (Mean absolute percentage error), 

and SI (scatter index) and AIC (Akaike information criterion) for the developed ML 

models were calculated for both training and testing dataset. MARS model shows 

promising results as compared to GMDH-NN, and GEP and other ML approaches (SVR 

and KNN) for predicting % fpS  value. The MARS approach accomplishes the maximum 

correlation coefficient (R2=0.93) as compared to GMDH-NN (0.85), GEP (0.90), SVR 

(0.64), and KNN (0.81) in testing phase. Table 5.7 gives the values of 2 ,R  RMSE, MAE, 

E, SI and AIC as obtained for training and testing data using MARS, GMDH-NN, GEP 

and other data driven models.  

The MARS approach gives the minimum value of RMSE for both training and testing 

data as 3.62 and 3.32 respectively as compared to the GMDH-NN, GEP and other data 

driven models (Table 5.7). An efficiency E=1 corresponds to a perfect match between 

the model and the observed data and can range from   to 1. Here, E values of MARS 

model for training and the testing dataset is 0.94 and 0.92 respectively. MAE and MAPE 

value for training data are 3.05 and 5% and for the testing data are 2.77 and 4.13%, 

respectively showing the performances and accuracy of the predicted model. Therefore, 

the developed MARS is a robust for prediction of % fpS value. The SI is a normalized 

measure of error; lower value of the SI is an indication of better model performance. 

Here MARS show lower SI value (Training=0.05 and Testing=0.04) indicating the least 

error. AIC is an information criterion, which is used for selecting best-fit model based on 

the statistical likelihood function. The minimum value of AIC indicates the best model. 

The least value of AIC is observed in MARS approach as 56.95 and 33.98 for training 

and testing phase respectively as compared to other approaches.  
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(a)                                                                      (b) 

  
(c)                                                                          (d) 

 
(e) 

Figure 5.4: Scatter plots of observed and predicted % fpS  for various ML models  with 

coefficient of determination (R2) and 1:1 perfect fit line for observed and 

predicted data considering (a) MARS; (b) GMDH-NN; (c) GEP; (d) SVR; 

and (e) KNN. 
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Table 5.7: Error analysis of predicted by various Machine Learning approaches. 

Index Data phase MARS GMDH-NN GEP SVM KNN 

(1) (2) (3) (4) (5) (6) (7) 

R2 
Training 0.94 0.91 0.93 0.71 0.81 

Testing 0.93 0.85 0.90 0.64 0.81 

ME (%) 
Training 1.19 0.52 0.47 7.37 3.40 

Testing 1.22 0.09 1.03 2.81 0.41 

MAE 
Training 3.05 3.31 3.36 6.15 4.65 

Testing 2.77 3.49 3.17 4.65 3.61 

RMSE 
Training 3.62 4.37 3.89 8.58 6.38 

Testing 3.32 4.57 3.88 7.17 5.23 

MAPE 
(%) 

Training 5.00 5.57 5.47 11.54 8.31 

Testing 4.13 5.07 4.42 7.52 5.95 

E 
Training 0.94 0.91 0.93 0.64 0.80 

Testing 0.92 0.85 0.89 0.63 0.80 

SI 
Training 0.05 0.07 0.06 0.12 0.09 

Testing 0.04 0.06 0.05 0.10 0.07 

AIC 
Training 56.95 63.83 59.51 88.43 77.62 

Testing 33.98 40.36 37.07 49.34 43.05 

From analysis of statistical index, it clearly indicates that MARS gives the best result as 

compared to other ML approaches. Therefore, the developed MARS is a robust for 

prediction of % fpS with good generalization capability, and does not show the 

phenomena of overtraining. 

5.5.3 Comparison of Developed Models with Previously Developed 

Methodologies 

The results of MARS, GEP and GMDH-NN output were compared with those of other 

investigator models i.e. Patra and Kar (2000), Khatua and Patra (2007), and Khatua et al. 

(2011a), described earlier in Section 2.4 of chapter 2 and Eq. (2.9) through Eq. (2.11). 

Due to the large number of datasets, the error analysis for individual series of data were 

too lengthy and therefore an overall error analysis for each individual channel set was 

calculated. The observed and predicted values of % fpS through MARS, GEP and 

GMDH-NN approaches for individual datasets are shown in Fig. 5.5. The data series 

along with prediction approaches is plotted in the horizontal axis and mean percentage 

of error in the vertical axis in Fig. 5.6. It can be seen from the figure that the developed 

MARS model performs better than the other analytical models for meandering compound 

channels. 
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(a) (b) 

 
(c) 

Figure 5.5: Comparison of observed and predicted values of for various data considering 

the approaches like (a) MARS, (b) GMDH-NN and (c) GEP. 

 
Figure 5.6: Mean percentage error (ME) of % fpS estimated by evaluated approaches. 
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        MARS and the other analytical models were evaluated using 
2R , MAE, RMSE, and 

MAPE for each dataset (see Table 5.8). It can be seen from Table 5.8 that MARS gave 

the minimum average value of RMSE across all dataset as compared to the other 

approaches. Similar conclusion can be drawn from the values of MAE and the MAPE. 

MARS gave average values of MAE and MAPE of 3.61 and 7.57% respectively, which 

were much less than other approaches.  

Table 5.8: Error analysis of predicted % fpS by MARS against various analytical models. 

Channel 

Data 
Index 

Patra and 

Kar (2000) 

Khatua and 

Patra (2007) 

Khatua et al. 

(2011a) 
MARS 

GMDH-

NN 
GEP 

(1) (2) (3) (4) (5) (6) (7) (8) 

Kar (1977) 

R2 0.87 0.84 0.98 0.99 0.98 0.95 

MAE 2.63 10.71 6.82 2.99 2.56 1.89 

RMSE 2.76 10.73 8.73 3.01 3.05 2.26 

MAPE (%) 3.96 16.19 10.49 4.53 3.90 2.90 

E  2.53  52.21  34.25  3.18  3.30  1.36 

SI 0.03 0.23 0.17 0.096 0.087 0.098 

Das 

(1984) 

R2 0.86 0.81 0.87 0.90 0.88 1.00 

MAE 2.82 12.59 2.86 4.96 5.49 2.28 

RMSE 3.34 13.95 3.98 4.98 5.74 2.69 

MAPE (%) 6.95 32.11 6.49 14.05 16.07 7.20 

E 0.82  2.17 0.74 0.60 0.96 0.99 

SI 0.10 0.30 0.10 0.18 0.13 0.07 

Patra and 

Kar (2000) 

R2 0.83 0.43 0.93 0.94 0.97 0.87 

MAE 3.72 9.68 2.78 3.71 1.83 3.73 

RMSE 4.59 11.57 3.70 4.20 2.26 4.31 

MAPE (%) 7.81 19.00 6.12 7.75 3.85 7.28 

E 0.69  0.94 0.80 0.74 0.99 0.95 

SI 0.077 0.20 0.06 0.07 0.10 0.14 

Khatua 

(2007) 

R2 0.48 0.62 0.85 0.92 0.97 0.98 

MAE 36.06 18.61 5.16 4.22 3.00 1.80 

RMSE 60.12 21.49 6.10 5.36 3.60 2.48 

MAPE (%) 58.36 28.48 7.68 6.76 5.07 3.20 

E  32.45  3.28 0.66 0.73 0.88 0.94 

SI 0.77 0.53 0.27 0.336 0.09 0.06 

Mohanty 

(2013) 

R2 0.74 0.73 0.76 0.87 0.84 0.86 

MAE 11.16 3.98 3.14 2.95 4.26 3.12 

RMSE 11.16 4.49 4.15 3.78 5.16 3.34 

MAPE (%) 13.21 4.70 3.74 3.50 5.03 3.69 

E  18.31  21.04  13.50  2.89 0.92 0.97 

SI 0.01 0.12 0.17 0.17 0.05 0.06 
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NITR 

Type I (A) 

R2 0.95 0.95 0.89 0.99 0.26  0.32 

MAE 7.57 27.21 12.47 3.68 2.57 3.61 

RMSE 8.21 27.35 14.61 4.47 3.10 4.31 

MAPE (%) 9.87 35.41 16.26 4.79 3.35 4.71 

E  24.58  22.70  18.31  3.26 0.92 0.84 

SI 0.086 0.33 0.17 0.076 0.07 0.07 

NITR 

Type I (C) 

R2 0.59 0.59 0.80 0.91  0.68  0.46 

MAE 23.57 41.21 26.90 5.61 4.36 5.40 

RMSE 24.29 41.39 28.65 6.53 5.12 5.65 

MAPE (%) 27.63 48.32 31.52 6.56 5.11 6.33 

E  20.05  16.45  14.44  1.67 0.93 0.91 

SI 0.096 0.28 0.16 0.15 0.08 0.12 

NITR 

Type II 

(A) 

R2 0.69 0.69 0.75 0.88 0.93 0.98 

MAE 3.81 3.80 3.43 4.21 3.99 2.57 

RMSE 5.66 4.25 4.21 6.21 5.91 3.27 

MAPE (%) 6.49 5.95 4.93 7.19 6.82 3.73 

E 0.35 0.63 0.64 0.22 0.29 0.78 

SI 0.107 0.16 0.17 0.097 0.07 0.04 

NITR 
Type II 

(B) 

R2 0.65 0.64 0.75 0.79 0.78 0.71 

MAE 3.87 7.92 9.40 3.39 3.97 3.77 

RMSE 4.62 8.72 11.67 3.95 4.57 4.30 

MAPE (%) 5.24 10.74 12.86 4.60 5.39 5.13 

E  3.69  15.74  28.94  2.43 0.69 0.72 

SI 0.08 0.14 0.18 0.076 0.12 0.11 

NITR 

Type II 

(C) 

R2 0.70 0.69 0.74 0.89 0.89 0.86 

MAE 3.24 4.00 6.75 2.76 2.62 2.90 

RMSE 3.66 5.30 7.95 3.66 3.20 3.30 

MAPE (%) 4.87 5.52 9.93 4.27 3.86 4.28 

E 0.65 0.27 -0.64 0.65 0.81 0.80 

SI 0.097 0.16 0.19 0.10 0.09 0.07 

NITR 

Type III 

(A) 

R2 0.54 0.52 0.64 0.90  0.94  0.24 

MAE 13.89 30.24 15.45 4.24 5.76 4.48 

RMSE 15.73 30.65 18.86 5.42 8.39 4.53 

MAPE (%) 18.44 40.56 20.41 5.63 7.53 6.01 

E  37.46  65.00  54.30  3.57 0.02 0.71 

SI 0.128 0.31 0.18 0.116 0.15 0.09 

NITR 

Type III 

(B) 

R2 0.63 0.63 0.69 0.88 0.88 0.85 

MAE 11.39 28.13 13.19 1.59 3.28 4.33 

RMSE 12.13 28.20 15.09 1.94 3.88 4.55 

MAPE (%) 16.01 39.33 18.62 2.21 4.65 6.09 

E  49.34 71.19  76.99  0.29 0.54 0.36 

SI 0.097 0.31 0.14 0.09 0.10 0.10 

NITR 

Type III 

(C) 

R2 0.69 0.70 0.75 0.94 0.84 0.74 

MAE 10.45 27.79 13.49 2.62 3.37 4.70 

RMSE 11.34 27.91 15.68 2.86 4.12 5.00 

MAPE (%) 14.76 39.04 19.18 3.67 4.81 6.63 

E  19.28  51.82  37.78  0.29 0.48 0.23 

SI 0.10 0.32 0.16 0.10 0.11 0.10 
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Here, the MARS model resulted the lowest average SI value, indicating it to be the best 

predicting approach. In case of efficiency (E), MARS gave the least error as compared 

to the other models when averaged across all datasets. From Table 5.8, it can be 

concluded that in the tested range, MARS performs better than the other analytical 

models evaluated.  

5.5.4 Uncertainty Analysis of the Proposed Models for Predicting 

%
fp

S   

Uncertainty analysis of MARS, GEP, GMDH-NN, SVR, KNN and other analytical 

approaches for the prediction of meandering compound channel is presented in Table 5.9 

that includes the mean errors of predictions, the width of the confidence band, and the 

95% confidence interval of the mean prediction error. The value of mean prediction error 

of  0.9 with the minimum confidence band width ( 6.67) for MARS indicate that it is 

more suitable for predicting % fpS as compared to other four artificial intelligence 

approaches (GMDH-NN, GEP, SVM, KNN) in addition to the equations of Patra and 

Kar (2000), Khatua and Patra (2007) and Khatua et al. (2011a).  

Table 5.9: Uncertainty analysis for the prediction of % fpS by various models. 

Models 

Mean 

Prediction 

Error 

Width of 

Confidence 

Band 

95% Confidence 

Interval of the Mean 

Prediction Error 

(1) (2) (3) (4) 

MARS  0.90  6.67  7.57 to 5.77 

GMDH-NN  0.16  8.7  8.87 to 8.54 

GEP  0.19  7.6  7.79 to 7.41 

SVM 2.23  15.28  13.05 to 17.52 

KNN 0.77  11.66  10.89 to 12.44 

Patra and Kar (2000) 2.93  32.74  29.81 to 35.67 

Khatua and Patra (2007)  14.52  29.38  43.89 to 14.86 

Khatua et al. (2011a)  6.34  19.84  26.18 to 13.50 

5.6 Validation of Developed Approaches for Predicting 

%
fp

S  in Higher Sinuous Channels 

All the test channels considered for developing the model equations using GEP, MARS 

and GMDH-NN can be grouped as mildly to moderately sinuous with sinuosity ranging 

between 1.043 and 1.91. Channels with sinuosity greater than 2 can be termed as a highly 
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sinuous which are now used to validate the developed models [Eq. (5.3) through Eq. 

(5.5)] of GEP, MARS and GMDH-NN. The work considered two higher sinuous 

channels with sinuosityof 2.06 (Willetts and Hardwick 1993) and 4.11 (Pradhan and 

Khatua 2017a) to show the capability of these approaches. Details of the experimental 

channel dimensions of Willetts and Hardwick (1993) and Pradhan and Khatua (2017a) 

are described in section 2.2 of chapter 2 and given in Table 5.2. These models were 

applied to the % fpS data of these two higher sinuous channels to find out the adequacy 

of the approach and the results for MARS, GEP and GMDH-NN models are shown in 

Fig. 5.7. Performances of MARS, GEP and GMDH-NN models of % fpS were evaluated 

on the basis of various statistical measures i.e. ME, MAE, RMSE, MAPE, E and SI that 

are given in Table 5.10. From Table 5.10, it can be concluded the MARS approach gives 

the best predicting results for the high sinuous channel of Willetts and Hardwick (1993) 

and GMDH-NN approach gives the best results for the channel Pradhan and Khatua 

(2017). The maximum value of E = 0.97 and the minimum values of  ME, MAE, RMSE, 

MAPE, and SI of MARS model for the data of Willetts and Hardwick (1993) are 0.05%, 

1.63, 1.96, 2.22% and 0.03, respectively. But, the maximum value of E = 0.99 and the 

minimum values of  MAE, RMSE, MAPE, and SI for the data of Pradhan and Khatua 

(2017a) are 0.61, 0.70, 0.65%, and 0.05, respectively. GEP approach gives average 

results for both the high sinuous channels. Results demonstrate that all the three MARS, 

GMDH-NN and GEP models can be useful for predicting % fpS but overall it can be 

concluded that MARS can be more suitable for predicting % fpS for highly sinuous 

channels. 

 

Figure 5.7: Plot of predicted against observed % fpS  for meandering compound channels 

of higher sinuosity. 
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Table 5.10: Performance of MARS, GMDH-NN and GEP approaches for predicting in 

meandering compound channels of higher sinuosity. 

Data Index MARS GMDH-NN GEP 

(1) (2) (3) (4) (5) 

Willetts and 

Hardwick (1993) 

ME (%) 0.05 1.55 3.43 

MAE 1.63 6.23 2.46 

RMSE 1.96 7.60 3.22 

MAPE (%) 2.22 8.80 3.69 

E 0.97 0.79 0.96 

SI 0.03 0.11 0.04 

Pradhan and 

Khatua (2017) 

ME (%) 0.25 0.12  3.02 

MAE 2.22 0.61 3.65 

RMSE 2.59 0.70 4.46 

MAPE (%) 2.34 0.65 3.83 

E 0.98 0.99 0.98 

SI 0.03 0.05 0.09 

5.7 Summary and Conclusions 

The study presents the use of a machine learning approaches, that is, the Multivariate 

Adaptive Regression Spline (MARS), Group Method of Data Handling neural network 

(GMDH-NN) and Gene-Expression Programming (GEP) method for the determination 

of shear force percentage at floodplain (% )fpS of two-stage meandering channels. It is 

pertinent to mention that these proposed models are based on laboratory datasets with 

dimensionless geometric parameters in the ranges of 2.13 ≤α ≤ 16.08, 0.091 ≤ β ≤ 0.541, 

0.001 ≤ oS ≤ 0.0061, 1.043 ≤ s ≤ 4.11 and 0.357≤ω ≤ 1. The following conclusions are 

drawn from this research work: 

 The modeling approaches for estimation of percentage shear force carried by the 

floodplain in meandering compound channels (% )fpS in terms of 5 dimensionless 

parameters i.e. ,α ,β o ,S ,s and ω  using the MARS, GMDH-NN and GEP methods 

are found to be quite adequate as compared to SVM and KNN for all types of data 

ranging from laboratory models to large scale river systems as well as highly sinuous 

channels. 

 MARS approach has a greater correlation coefficient and smaller error statistics thus 

showing more promising for predicting % fpS  as compared to GEP and GMDH-NN. 

Among GEP and GMDH-NN approach, GEP shows best result. 

 MARS is an innovative and flexible modelling technique which can be applied in 

designing software reliability prediction models automatically. Moreover, MARS is 
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capable and flexible to model relationships that involve interactions among various 

variables such as modelling failure phenomena for predicting software reliability. It is 

very useful for high dimensional problems and shows a great promise for fitting 

nonlinear multivariate functions in a realistic scenario. 

 GEP performs with high accuracy level with the help of mutation, inversion, 

transposition and recombination features which can be fine-tuned to overcome the 

problem of existing adaptive techniques in practice. 

 The GMDH is a heuristic self-organising method and can be useful in solving the 

problem of characterising the failure data for accurate prediction. The GMDH based 

modelling algorithms are self-organising which can be utilised to adjust various 

parameters like number of neurons, the number of layers and actual behaviour of each 

neuron resulting in better accuracy and adaptable to unknown failure datasets in a 

dynamic environment. 

 Results of % fpS obtained through MARS is superior to other four machine learning 

approaches evaluated, i.e., GMDH-NN, GEP, SVM and KNN as well as analytical 

models of Patra and Kar (2000), Khatua and Patra (2007) and Khatua et al. (2011a). 

 The results give the clear suggestion of the efficiency of the MARS, GMDH-NN and 

GEP methods and their potential use for practical applications within a similar 

dimensionless parameters range tested in this work. 
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Chapter 6 

6 Enhanced Channel Division Approach 

for Discharge Estimation 

Flow in a river is affected by turbulence and has the three-dimensional character. As a 

result, estimation of various flow parameters such as the discharge, velocity, and shear 

stress pose a challenge to the modelling approaches. For a compound channel, the main 

channel flow exerts an accelerating force on the flow over floodplains, which indeed 

produces a retarding or dragging force on the main channel flow. This generates the 

momentum transfer between the main channel and floodplain flow. Basing on the 

percentage sharing of shear force on floodplain (% ),fpS the apparent shear force along 

the division lines of separation in compound channels is selected for discharge 

calculation using the conventional channel division methods. This chapter introduces an 

Enhanced Channel Division Method (ECDM) to calculate discharge by assuming 

interface line at main channel and floodplain junction. A modified variable-inclined 

(MVI) interface is suggested having zero apparent shear is determined from flow 

contribution in the main channel and floodplain. The MVI interface is further used to 

calculate discharge in the meandering compound channels.  

6.1 Introduction 

Over the past few decades, there have been considerable research on compound channel 

flow that has increased the awareness in social issues and environmental problems. 

Generally, a channel discharge is estimated using Chezy’s formula (1769), Darcy-

Weisbach (1858) or Manning’s equation (1889). For estimating discharge in compound 

channel, the Channel Division Method or Divided channel method (DCM) is adopted as 

it is necessary to divide the channel cross section of compound channel in such a way 

that they take care of the hydraulic homogeneity in flow computations. In DCM, an 

interface plane is assumed to divide the main channel and floodplain separately which is 

assumed to originate from the junction between the main channel and floodplain, where 

disparities in roughness and flow depth occur. In DCM, the total discharge capacity of 

compound channel section is computed by the summation of the discharges from each 

subsections, that is: by assuming that the Manning equation is applicable to each 

subsection separately (Knight et al. 1984; Wormleaton et al. 1982). The phenomenon of 
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floodplain and main channel flow interaction was studied by many researchers to 

quantify the effect of moment transfer leading to compute discharge in compound 

channels (Knight and Demetriou 1983; Knight and Shiono 1990; Myers and Elsawy 

1975; Myers 1987; Shiono et al. 1999; Shiono and Knight 1991; Wormleaton et al. 1982). 

Based on the strength of shear stress at the interface between the main channel and 

floodplain, discharge is estimated through DCM by dividing the main channel and 

floodplain of compound channel through an assumed zero apparent shear force line at 

the junction of main channel and floodplain (Greenhill et al. 1993; Guo and Julien 2005; 

Khatua and Patra 2007; Khatua et al. 2011a; Patra and Kar 2000).  

     This chapter introduces an Enhanced channel division method (ECDM) for estimating 

discharge in meandering compound channel by incorporating an assumed interface line 

of zero shear force at the junction of main channel and floodplain. In compound section 

of meandering channels, the floodplain areas situated on both side of main channel are 

generally unequal which may cause a variation of interface lengths for inner and outer 

junction of main channel and floodplain. Therefore, the present study attempts to locate 

a zero apparent shear force at the junction of main channel and the floodplain line to 

understand the interaction between the flows of meandering compound sections. The 

position of interfaces are located with an angle ( )x from vertical interface line of main 

channel and floodplain for inner and outer junction separately. Angle ( )x is modelled 

using gene-expression programming (GEP). Once the shear force on floodplain (% )fpS

for meandering compound channel is known, it can be used to locate the apparent shear 

force at the junction line of the main channel and floodplain to facilitate the computation 

of discharge by the DCM. The % fpS  is calculated through the developed model by GEP 

approach (Eq. 5.3). For predicting the interface angle ( ),x four influencing non-

dimensional factors [relative depth of flow ( ), width ratio ( ), the ratios of total 

compound channel bed width to the single side of floodplain bed width ( ),x  where x  

may be outer or inner plane, and the ratio of sinuosity of main channel to the floodplain 

( )rs ] are considered for independent or inputs variables to model. The performance of 

the model is tested by comparing the discharge results calculated through various 

interactive divided channel methods. 
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6.2 Development of an Interface Angle for the Assumed 

Interface Plane 

The zero shear force (apparent shear force) at the imaginary interface plane originating 

from the junction of the main channel and floodplain indicates the significance of flow 

interaction between the main channel and adjacent floodplains which can be used to 

choose a plane of interaction for calculating discharge in compound channels. The 

approach divides the channel cross section into hydraulically homogeneous zones by 

interface plane that considers the floodplain region moving separately from main 

channel. The boundary segments of experimental sections of meandering compound 

channels were divided into 5 regions, which are labelled from 1–5 as in Fig. 6.1. The 

height of vertical wall(s) of floodplain ( )H h and width of outer floodplain bed ( )ob is 

denoted by label 1 and 2 respectively. Both walls ( )h  of main channel and its bed ( )b is 

represented by label 3 and 4 respectively. The inner floodplain bed is termed as label 5. 

The interface plane can be assumed as: (i) vertical aa1; (ii) horizontal aa; (iii) diagonal 

aa2 or (iv) variable inclined aa3 (Fig. 6.1). The variable interface plane (aa3) is positioned 

by an angle   measured from the vertical interface aa1. For the present situation, 

modified variable-inclined (MVI) interface planes (aa4) for individual outer and inner 

zones were introduced for shear force study which are discussed later in this chapter. The 

modified interface planes (aa4) for outer and inner zones are located by the respective 

angles o  and i  measured from the vertical interface plane aa1 (Fig. 6.1). For the cases 

of equal angles of o  and i , the modified interface planes become the variable-inclined 

interface plane. Three different cases of angles ( o  and )i were tested for the present 

study viz. (i) both the angles are less than o45 o(  and 45 )o i   ; (ii) one angle is in 

between o45  to o90  and the other one between o0  to o90 o o(45 90o  and

o o0 < 90 );i   (iii) both the angles are greater than o90
o(  and 90 ).o i    

The apparent shear force at the imaginary interface of the compound section was 

calculated by knowing the shear force carried by the floodplain. These apparent shear 

forces can be used to give an insight into the transfer of momentum between the altered 

zones of the compound section. The momentum transfer from main channel to the 

adjacent floodplains through the imaginary interface is indicated by a positive value of 

apparent shear force, and the reversal phenomena of momentum transfer is noted from a 

negative value of apparent shear force. 
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Figure 6.1: Various Assumed Interface Plane of Compound Channel Section. 

       For uniform flow condition in steady prismatic channel the acting weight force of 

water along the channel is resisted by the boundary shear stresses acting on the main 

channel wall and bed, along with an "apparent shear force" acting on the imaginary plane 

originate from the intersection of main channel and floodplain boundary given as 

 omc ipgA S dp ASF    (6.1) 

where g  is the force of acceleration due to gravity,   the fluid density, oS  the 

longitudinal slope of the channel, mcA  the main channel area indicated by the assumed 

interface plane, dp  the total shear force on the walls and bed of the main channel, and 

ipASF the apparent shear force on the assumed interface plane. The total boundary shear 

stress carried by the whole section of compound channel o( )gAS was taken as 100%, 

where A  is the total cross sectional area of the compound section. The percentage of 

shear force transmitted by the surface of main channel (% )mcS  can be considered as 

 
o

o o o

% 100 100 100
mc ipmc

mc

dpA ASFgA S
S

gAS gAS gAS

 

  
  


 (6.2) 

However % 100 % ,mc fpS S  and 
o

100
ipASF

gAS
is the shear force percentage on the 

imaginary interface ( % ).ipASF  Substituting the values of % mcS  and % ipASF  on Eq. 

(6.2), the expression for apparent shear force on the interface plane (% )ipASF  can be 

deliberated as  
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 % 100 100 %mc

ip fp

A
ASF S

A
    (6.3) 

where % ipASF  is the percentage of apparent shear force on the imaginary plane. The 

assumed vertical interface between the floodplain and main channel boundary is 

represented by the lines ‘aa1’ as in Fig. 6.1 and the value of mcA was calculated by the 

area indicated by a1aooaa1. Similarly, for horizontal, diagonal and variable inclined 

interfaces, mcA  was estimated from the areas indicated as aooa, a2aooaa2, and a3aooaa3 

respectively, in Fig. 6.1. When the value of mcA  for vertical, horizontal, diagonal and 

variable-inclined interface plane was substituted in Eq. (6.3) individually, yields %ASF

for separate assumed interface plane and is termed as % VASF , % HASF , % DASF , and

% VIASF , respectively.  

Starting with the diagonal division line of separation of compound channel using 

DCM as shown in Fig. 6.1, we have tried to find out the apparent shear force (%ASFip) 

through the Eq. 6.3. If %ASFip is not zero we try to change the interference line suitably 

by considering alternative division lines through trial and error process till exact zero 

value of %ASFip is obtained. The process is cumbersion as, for each flow depth it required 

to take a number of trails to arrive at zero %ASFip. The percentage of shear force at 

floodplain, % fpS can be considered from Eq. (5.3). The values of %ASF  for the four 

assumed interface planes for test data series are shown in Table 6.1. Patra and Kar (2000) 

introduced an imaginary boundary (variable-inclined interface) of zero percent of 

apparent shear force for all depths. This inclined plane of separation can be positioned 

by an angle ( )  that forms with the vertical line represented by aa1 in Fig. 6.1. This angle

( ) is varied with flow depth over the floodplain, the width ratio, and the amplitude ( )  

of the meandering compound channel. The expression of angle ( )  in radians is given as 

(Patra and Kar 2000): 

 
0.075 ( )( )(1 ) (5.25 ) RR e            (6.4) 

where   is the width ratio ( / )B b ,   the relative depth [ ( ) / ]H h H  , R  the 

amplitude width ratio ( / )B . By knowing the angle ( ) , the area of the main channel 

mcA of Eq. (6.3) representing the area a3aooaa3 (Fig. 6.1) can be estimated, which is used 

to calculate percentage of shear force at variable inclined interface % VIASF .  
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Table 6.1: Details on geometric parameters of individual floodplains of the meandering 

compound channels. 

Channel Position 
 = 

/B b  

 =                                                                                                      

H h

H


 

/x xB b   Angle ( )x  

Discharge 

Q  (m3/s) 

% fpS

 /

o

oB b

 

 

/

i

iB b

 

 

o  i  

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

NITR 

Type I 

Section-

A 

5.964 0.172 6.680 1.465 126 135 0.0248 76.63 

5.964 0.200 6.680 1.465 110 125 0.0325 76.51 

5.964 0.294 6.680 1.465 67 73 0.0522 76.22 

5.964 0.385 6.680 1.465 44 11 0.0727 78.18 

Section-
C 

7.5 0.172 2.308 2.308 135 144 0.0248 85.77 

7.5 0.200 2.308 2.308 132 132 0.0325 85.08 

7.5 0.294 2.308 2.308 98 101 0.0522 85.32 

7.5 0.385 2.308 2.308 52 29 0.0727 84.86 

NITR 
Type II 

Section-

A 

5.964 0.143 3.151 1.942 110 108 0.0236 54.77 

5.964 0.201 3.151 1.942 95 98 0.0286 68.89 

5.964 0.295 3.151 1.942 49 62 0.0483 72.28 

5.964 0.381 3.151 1.942 21 60 0.0586 71.01 

Section-

B 

5.989 0.132 2.803 2.085 124 121 0.0236 70.45 

5.989 0.195 2.803 2.085 107 116 0.0286 75.74 

5.989 0.294 2.803 2.085 57 71 0.0483 75.43 

5.989 0.385 2.803 2.085 40 52 0.0586 74.72 

Section-

C 

6.036 0.116 2.384 2.384 129 129 0.0236 59.33 

6.036 0.182 2.384 2.384 127 127 0.0286 72.73 

6.036 0.294 2.384 2.384 69 69 0.0483 74.49 

6.036 0.385 2.384 2.384 23 23 0.0586 73.64 

NITR 

Type III 

Section-
A 

4.821 0.161 5.400 1.646 124 153 0.0184 78.36 

4.821 0.200 5.400 1.646 129 110 0.0214 73.62 

4.821 0.294 5.400 1.646 68 70 0.0346 71.42 

4.821 0.385 5.400 1.646 52 6 0.0496 73.62 

Section-

B 

4.750 0.149 4.290 1.797 134 121 0.0184 68.68 

4.750 0.200 4.290 1.797 110 126 0.0214 72.68 

4.750 0.294 4.290 1.797 62 85 0.0346 72.11 

4.750 0.385 4.290 1.797 50 19 0.0496 72.93 

Section-

C 

4.857 0.143 2.519 2.566 129 121 0.0184 67.01 

4.857 0.174 2.519 2.566 120 117 0.0214 72.70 

4.857 0.294 2.519 2.566 93 92 0.0346 73.44 

4.857 0.385 2.519 2.566 48 29 0.0496 71.95 

Practically, the interface length for both sides of the compound meandering 

channel are different due to the unequal width of floodplain (inner floodplain/outer 

floodplain). Therefore, the interface angle ( )  on either side bank of the main channel 

in meandering compound channel is dependent on the respective floodplain widths. 
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These interface angles are denoted as o  and i  for the outer and inner bank 

respectively. The present work proposes a model to determine this interface angle ( )x of 

meandering compound channel, which is presumed to depend on the relative depth of 

flow ( ) , width ratio ( ), the ratios of total compound channel bed width to the x -

floodplain bed width ( )x  where x  may be outer or inner plane, and the ratio of 

sinuosity of main channel to the floodplain ( )rs . The dimensionless equation for ( )x  

can be written as  

 ( ,  ,  ,  )x r xf s     (6.5) 

GEP technique was applied for developing the model to calculate the interface angle 

( )x for meandering compound channel by using present experimental data. In this 

modelling process, four elementary arithmetic operators (+,   ,  ,  ) and some basic 

mathematical functions [x2, x , 3 x , ex, 1/x, ln ( )x  and (1  x)] were used. A total of 64 

numbers of data (present experimental data) as given in Table 3.1 were used in modelling 

and distributed randomly for training and testing. For the present work, about 70% of 

data were used for training process and the rest 30% for testing. The root mean square 

error (RMSE) function was performed inside the modelling process to illuminate the 

fitness of the model. Three genes were linked with addition linking function for the 

present multigenic programming. A total number of 378759 generations were tested in 

the process. The parameters and general functions used in GEP to generate the model of 

x  are presented in Table 6.2.  

The angle ( )x of this modified variable-inclined interface for both side bank of 

main channel obtained from the total 64 experimental data (Table 6.1) of the meandering 

compound channels in radians is given as: 

 
 

  

1 3
1

1 3

5 08 3 75 3 75

1 08 5 89 5 9

/

x r r x

x x

s . ln . s .

             . . .

   

   





     
 

  
 

 (6.6) 

where x  stands for either outer or inner plane, rs  the ratio of sinuosity of main channel 

to the sinuosity of floodplain,   the relative depth [ ( ) / ]H h H  ,   the width ratio 

[ / ]B b  and x  the ratio of total width to the width of floodplain bed [ / ]xB b . The 

term xb  denotes either inner floodplain or outer floodplain width, b  the main channel 

width and B  the total compound channel width. With the respective values of x  (Eq. 
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6.6), the interface plain on either side of meandering compound channel can be 

determined. 

Table 6.2: Functional set and Operational Parameters Used in GEP Model for 

determining the interface angle ( )x . 

Description of Parameter 
Parameter Setting for 

x  model 

(1) (2) 

Function Set 
+,  ,  ,  , x2, ex, 1/x, 

ln (x), x , and 3 x  

Number of Chromosomes 30 

Head Size 8 

Number of Genes 3 

Gene Size 23 

Linking Function   Addition 

Fitness Function  RMSE 

Program Size 41 

Literals 12 

Number of Generations 378759 

Constants per Gene 10 

Data Type Integer 

Mutation 0.00138 

Inversion 0.00546 

Gene recombination rate 0.00277 

One-point recombination rate 0.00277 

Two-point recombination rate 0.00277 

Gene transposition rate 0.00277 

Insertion sequence (IS) 

transposition rate 0.00546 

Root insertion sequence (RIS) 

transposition rate 0.00546 

The area of outer and inner portion of the meandering main channel  ( )  and ( )mc o mc iA A

can be determined from the channel geometry separated by the assumed MVI interface 

plane. The area of outer main channel ( )mc oA  and inner main channel ( )mc iA in Fig. 6.1 

for different angle cases such that o and 45 ;o i    o o45 90o  and o o0 < 90i  or 

o o0 90o  and o o45 < 90 ;i  o and 90o i    is given as 
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 (6.8) 

Now the total area of main channel ( )mcA  is calculated by totalling the area of individual 

portion of main channel that is ( )mc oA  and ( )mc iA  as 

 

2
2 o2 (tan an ) ,   and 45

2

(1 ) ,
2(tan tan )

o i o i

mc

o i

H
t if

A

bH otherwise

     




 


     


 

      

 (6.9) 

Now, the percentage of apparent shear force on the modified variable-inclined interface 

plane can be calculated for the inner and outer banks of meandering compound channel 

by knowing the angle ( )x  and main channel area portion of individual outer and inner 

banks. At the outer or at inner bank, the apparent shear force percentage can be calculated 

individually from the relation given as: 

At outer wall:  o
o

( )
% 100 100 %

[( 1) 1]

mc
r fp

A
ASF A S

bH  
  

 
 (6.10a) 

At inner wall:  
( )

% 100 (1 ) 100 %
[( 1) 1]

mc i
i r fp

A
ASF A S

bH  
   

 
 (6.10b) 

where ( )mc oA  is the area of outer main channel [Eq. (6.7)], ( )mc iA  the area of inner main 

channel (Eq. 6.8) and rA  the ratio of outer main channel area to the total main channel 

area [ ( ) / ]mc o mcA A , b  the width of main channel, and H  the total flow depth of the 

compound channel. 
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6.3 Development of an Enhanced Channel Division 

Method 

An effort also made to develop an equation to quantify the appropriate interface length 

for accounting the momentum transfer at both side banks of the meandering main channel 

to quantify the discharge values. Total dragging force that exerts on the main channel 

due to floodplain flow at the assumed interfaces must be equal to the accelerating force 

acting on floodplain due to the main channel (Wormleaton et al. 1982). Therefore, for 

accurate calculation of discharge in compound channels, the wetted perimeter of the main 

channel should be increased by an interface length ( )mcL  and the wetted perimeter of the 

floodplain should be reduced by a length of interface ( )fpL  suitably to take care of the 

accelerating force on the floodplain due to the dragging of the main channel water. 

Khatua et al. (2011a) provided an expression for interface length of main channel and 

floodplain by considering the vertical interface as divisional plane and developed the 

modified divided channel approach for discharge calculation in compound channel. The 

weighted force of the flowing fluid along the longitudinal flow direction is equal to the 

total boundary shear acting along the perimeter of the compound section which is 

expressed as: 

 omc mc fp fpP P gAS     (6.11) 

where A  represents the total area of the compound channel section ( )mc fpA A  . The 

shear forces acting on the periphery of the channel boundary along with the assumed 

interface must be equal to the weight force of the water by considering the uniform flow 

condition. In case of meandering compound channel, the weighted force of the water for 

floodplain and main channel is expressed individually as: 

 ofp fp fp fp fpP L gA S     (6.12) 

and omc mc mc mc mcP L gA S     (6.13) 

where fpP  and mcP  are the wetted perimeter of floodplain and main channel respectively, 

fpL  and mcL  the interface length for floodplain and main channel respectively, fpA  and 

mcA the area of floodplain and main channel respectively, fp  and mc  the mean shear 

stress on floodplain and main channel boundary respectively, oS  the slope of the channel 

bed, g  the gravitational force acting on the channel boundary and  the density of water. 

By comparing Eqs. (6.11), (6.12) and (6.13) we get, 
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 mc mc fp fpL L    (6.14) 

Eq. (6.14) confirms that the shear force on assumed inclined interface plane acts at main 

channel is equal and opposite in nature to that of the floodplain. The shear force of 

modified variable inclined interface plane (  or )mc mc fp fpL L   is the apparent shear force 

(ASF). Again by simplifying Eq. (6.12) and (6.13) respectively, equations for mcL  and 

fpL  are obtained as, 

 
100

1
(100 % )

mc
mc mc

fp

A
L P

S A

 
  

  

 (6.15) 

 
100

1 1
%

mc
fp fp

fp

A
L P

S A

  
    

   

 (6.16) 

where % fpS  is the percentage of shear force at floodplain, A  represents the overall area 

of the compound channel section and mcA  the area of main channel. For the present 

study, the novel imaginary interface plane (MVI interface) was introduced for 

meandering compound channel. Therefore for the present case, the area of main channel

( )mcA was calculated by the area under modified variable inclined (MVI) interface plane 

i.e. bounded by “a4aooaa4” in Fig. 6.1. The expression of mcA  was established by 

totalling the area of inner and outer bank of main channel, which is discussed earlier [Eq. 

(6.9)]. By knowing the value of % fpS  and area mcA  bounded by the modified variable-

inclined interface plane [Eq. (6.9)], mcL and fpL  were calculated, which were further used 

to calculate discharge in a compound section. The overall discharge carried by the 

compound channel section was calculated through Manning’s equation for each region 

of the compound section individually. By considering the modified variable-inclined 

interface (MVI) as divisional line, the equation for measuring the discharge by 

considering the channel divisional method is given as  

 
   

2/32/3o o5/3 5/3

mc fpmc mc fp fp

mc fp

S S
Q A P A P

n n
L L


    (6.17) 

Further the Eq. (6.17) can be simplified to 

     
2/35/32/35o /3 o

( 1) 1mc fmc mc m pc fp

mc fp

S S
Q A P bH A P

n n
L L 


         (6.18) 
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where mcA  is obtained from the expression discussed earlier [Eq. (6.9)]. mcA , mcP and 

mcL are the area, perimeter and interface length of main channel respectively considering 

the MVI interface plane as division line; 
fpA , 

fpP  and 
fpL  the area, perimeter and 

interface length of floodplain of meandering compound channel respectively; mcn  and 

fpn  the Manning’s roughness coefficient of main channel and floodplain and oS  the 

longitudinal bed slope of the compound channel. 

6.4 Results and Discussion 

The GEP formulation for the percentage of shear force in floodplain, % fpS  [Eq. (5.3)] is 

used for predicting % fpS  and the results are shown in Table 6.3 (Column 4) against the 

values obtained from the measured shear stress sharing (Table 6.3, Column 3) which are 

further used for calculating apparent shear force.  

Through modified variable inclined (MVI) interface, the outer and inner interface 

zones were measured by the variable angles of o  and i  respectively that make the 

angles with the vertical lines originating from the main channel and floodplains junction. 

The correlation plot between the observed and calculated x (degree) [using Eq. (6.6)] 

for the experimental compound channels is shown in Fig. 6.2.  

 

Figure 6.2: Measured and Calculated Value of x . 
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Deviation of this angle x  in degrees with   for various  for meandering 

compound channels (Figs. 6.3, 6.4, and 6.5) specifies the involvement of channel area in 

the interaction process. Figures 6.3 through 6.5 clearly indicate that the value of x  for 

inner and outer zone are different at bend-apex and at section B. At crossover, the value 

of x  for inner and outer interface zone are similar. It can be concluded that the area of 

floodplain is the major factor for calculating x  for inner and outer zone separately.   

 
                                        (a)                                            (b) 

Figure 6.3: Variation of x  with   at (a) Bend-apex; (b) Crossover for NITR Type I 

Channel. 

 

                     (a)                                    (b)                                               (c) 

Figure 6.4: Variation of x with   at (a) Bend-apex; (b) Section-B; (c) Crossover for 

NITR Type II Channel. 
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                     (a)                                    (b)                                               (c) 

Figure 6.5: Variation of x with   at (a) Bend-apex; (b) Section-B; (c) Crossover for 

NITR Type III Channel. 

      The percentage of apparent shear force (% )ASF  at this modified variable-inclined 

(MVI) interface plane can be obtained from Eq. (6.10a) and Eq. (6.10b) at outer and inner 

zones separately. Using Eq. (5.3), the calculated value of % fpS at the modified variable-

inclined interface together with the observed % fpS values are given in columns 14-15 

and column 17-18 of Table 6.3 for outer and inner interface plain respectively. For 

comparing the values of shear force at various planes, the value of %ASF  for other four 

imaginary interface planes (vertical, horizontal, diagonal and variable-inclined) along 

with developed “modified variable-inclined (MVI) interface” planes for experimental 

channels are given in Table 6.3. The table also compares the values of %ASF calculated 

from observed values of % fpS for individual interface method beside the computed 

values of % fpS using Eq. (5.3).  

6.4.1 Discharge Results    

Modified variable-inclined (MVI) interface plane was used to divide a compound 

channel section into subsections for calculating discharge through enhanced channel 

division method (ECDM). Discharges for the main channel and floodplain are calculated 

separately through Manning’s equation and combined together to give the total discharge 

of the compound channel using Eq. (6.18). The discharge results obtained from the 

developed model by separating the compound channels into subsets through MVI 

interface method when compared with the actual discharge shows the adequacy of the 

developed model (Fig. 6.6).  
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Figure 6.6: Comparison of Measured and Calculated Value of Discharge. 

As discussed earlier, the primary objective of the present research is to establish a precise 

but accurate way of calculating discharge for all features of present experimental 

meandering compound channels [sinuosity ( )s of the test channels is limited to 1.06 and 

1.34] (Table 3.1, chapter 3). Discharge results were also obtained through other interface 

divisional method (vertical, horizontal, diagonal and variable-inclined interface) and 

error analysis was carried out by comparing with the actual discharge. Figures 6.7, 6.8 

and 6.9 show the percentage of error between measured and calculated discharges by 

various interface planes.  

 
(a)                                                                      (b) 

[VM=Vertical Interface Method, HM=Horizontal Interface Method, DM= Diagonal Interface Method, 

VIM=Variable-inclined Interface Method, MVIM=Modified Variable-inclined Interface Method] 

Figure 6.7: Percentage of Error between Observed and Calculated Discharges for Various 

Interface Divisional Method for (a) bend-apex; (b) crossover of NITR Type I 

channel. 
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(a)                                                                     (b) 

 
(c) 

[VM=Vertical Interface Method, HM=Horizontal Interface Method, DM= Diagonal Interface Method, 
VIM=Variable-inclined Interface Method, MVIM=Modified Variable-inclined Interface Method] 

Figure 6.8: Percentage of Error between Observed and Calculated Discharges for Various 

Interface Divisional Method for (a) bend-apex; (b) section B; (c) crossover of 

NITR Type II channel. 
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(a)                                                                     (b) 

 
(c) 

[VM=Vertical Interface Method, HM=Horizontal Interface Method, DM= Diagonal Interface Method, 

VIM=Variable-inclined Interface Method, MVIM=Modified Variable-inclined Interface Method] 

Figure 6.9: Percentage of Error between Observed and Calculated Discharges for Various 

Interface Divisional Method for (a) bend-apex; (b) section B; (c) crossover of 

NITR Type III channel. 

From the figures, it can be concluded that the MVI interface method gives the 

minimum percentage of error between observed and calculated discharge and that the 

error values increase steadily to a maximum for the vertical interface through horizontal, 

variable-inclined and diagonal planes, indicating the acceptance of the developed model 

for all practical purposes. For the propose of validation, the test data of Khatua (2007) 

for two types of meandering compound channels ( = 8.6, 13.79 and s =1.44, 1.91) were 

used to determine their discharges using the discussed five interface divisional methods. 
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The results indicate the compatibility of proposed model in case of moderate sinuous

( 1.44)s  to higher sinuous ( 1.91)s  compound channel (Fig. 6.10).  

 
(a)                                                                     (b) 

[VM=Vertical Interface Method, HM=Horizontal Interface Method, DM= Diagonal Interface Method, 

VIM=Variable-inclined Interface Method, MVIM=Modified Variable-inclined Interface Method] 

Figure 6.10: Percentage of Error between Observed and Calculated Discharges for 

Various Interface Method for the test channels of Khatua (2007) having 

sinuosity ( )s as (a) 1.44 and (b) 1.91. 

6.4.2 Application of Model to River Data 

The developed model should also be adequate for its practical application to the natural 

river. The most effective hydraulic experimental solutions may not necessarily be the 

most globally acceptable solutions. Therefore, the proposed model must be tested for 

field data to know its suitability. River Baitarani was chosen for the application of the 

developed model for calculation of discharge involving meandering compound channel. 

As per the data available with the authors, the river had over bank flow depths during 

two years viz. 7.5 m depth of flow in the year 1985 flood and 8.63 m depth of flow in the 

year 1975 that are discussed briefly in section 4.6.6 of chapter 4. The plan and cross-

sectional view of River Baitarani (Patra and Kar 2000) at Anandapur, India, gauging site 

is shown in Fig. 4.11 (chapter 4). The hydraulics parameters and autual discharge data of 

Baitarani river are given in Table 4.10 (chapter 4). 

The values of α , β , ω , oα  and iα  values for the river Baitarani at the gauging site 

are given in Table 4.10. By substituting these values in equation [Eq. (5.3) from chapter 

5] modelled through GEP approach, we get the value of % fpS , which is subsequently 

used to get an apparent shear force value at assumed interface plains. Values of discharge 
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is calculated by using divided channel method using Eq. (6.18). For 7.5 m and 8.63 m 

depths of flow in the river Baitarani, the % fpS  is calculated as 27.77% and 35.16% 

respectively.  

Apparent shear force percentage (%ASF) and predicted discharge ( )PREQ  results 

based on various assumed interface planes were also calculated. Values of percentage of 

apparent shear force (%ASF) for various assumed interface planes along with proposed 

interfaces of outer and inner zones are shown in Table 6.4 and in Fig. 6.11 (a). From this 

table, it can be concluded that the assumed modified variable-inclined interface gives the 

minimum value of shear force as compared to other interfaces, which indicates the 

adequacy of this proposed divisional method. The authors have also calculated the 

percentage of error of discharge as in Table 6.4 and Fig. 6.11 (b) for the data considering 

the various assumed interface planes. Percentages of mean error of discharge calculated 

by MVI interface plains is 0.67% as compared to the vertical interface (  5.78%), 

horizontal interface (  2.86%), diagonal interface (2.98%) and variable-inclined 

interface (3.72%). The results give a clear suggestion of the efficiency of the developed 

models and their use for all practical applications. 

 
   (a)                                                                         (b) 

[VM=Vertical Interface Method, HM=Horizontal Interface Method, DM= Diagonal Interface Method, 

VIM=Variable-inclined Interface Method, MVIM=Modified Variable-inclined Interface Method] 

Figure 6.11: Testing of Various Assumed Interface Methods for Calculating (a) 

Percentage of Apparent Shear Force (%ASF); (b) Percentage of Error 

Discharge of River Baitarani. 
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Table 6.4: Testing of Various Assumed Interface Methods for Calculating Discharge of 

river Baitarani considering (a) Vertical Interface Method (VM), Horizontal 

Interface Method (HM) and Diagonal Interface Method (DM), Variable-

inclined Interface Method (VIM) and Modified Variable-inclined Interface 

Method (MVIM). 

Stage 

Vertical Interface Method 

(VM) 

Horizontal Interface 

Method (HM) 

Diagonal Interface Method 

(DM) 

%ASF 
PREQ  

(m3/s) 

Error 

(%) 
%ASF 

PREQ  

(m3/s) 

Error 

(%) 
%ASF 

PREQ  

(m3/s) 

Error 

(%) 

(1) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

40 m 11.08 7436.95 5.32 8.17 7719.7  1.72  15.39 8185.6 4.21 

41.2 m 12.32 11437.9 6.25 5.78 11713  3.99  19.21 12414.7 1.76 

Table 6.4 continued: 

Stage 

Variable-inclined Interface 

Method (VIM) 

Modified Variable-inclined Interface 

Method (MVIM) 

%ASF 
PREQ  

(m3/s) 

Error 

(%) 

%ASF 

outer 

%ASF 

inner 
PREQ  

(m3/s) 

Error 

(%) 

 (12) (13) (14) (15) (16) (17) (18) 

40 m 13.98 7945.27 1.15 6.70  4.88 7879.64 0.31 

41.2 m 3.86 12967.90 6.29 3.77  3.52 12324.38 1.02 

6.5 Summary and Conclusions 

This study tries to use, for the first time, the gene-expression programming (GEP) for the 

determination of angle of interface ( )x  for assumed interface lines of zero shear force 

and an enhanced channel division method for calculating discharge in two-stage 

meandering channels. The laboratory data used in this study has dimensionless geometric 

parameters in the ranges of 4.81≤ ≤ 16.08, 0.084 ≤  ≤ 0.385, 0.001 ≤ oS ≤ 0.0053, 

1.06≤ s ≤ 1.91 and 0.36≤ ≤ 0.87. The following conclusions can be drawn from the 

present work:  

 A modified variable-inclined (MVI) interface plane for dividing the meandering 

compound channel into hydraulically uniform regions is proposed. The angles of the 

inner and outer interface planes that make with the vertical at main channel and 

floodplain interaction are adequately represented by Eq. 6.6. For these outer and inner 

interface planes, the apparent shear force (Eq. 6.10a and 6.10b) are found to be close 

to zero for the compound sections signifying the minimum transfer of momentum 

across the imaginary modified variable-inclined interface plane. 
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 An enhanced channel division method (ECDM) for calculating discharge (Eq. 6.18) 

through MVI interface plane is developed. The MVI interface method of separation 

of the compound meandering section provides the most acceptable discharge results. 

The standard error between the measured and calculated discharge using this 

interface plane is the minimum. Most of the individual discharges are comparable 

with the observed values. 

 The ECDM approach is also found to be quite good for discharge estimation for the 

two types of channels of Khatua (2007) having sinuosity=1.44 and 1.91 and for river 

Baitarani (Annual 1975, 1985) at the Anandapur site (sinuosity = 1.34).  

 However, the models need to be tested with data from meandering compound 

channels having various degree of roughness in the floodplains and with more data 

from meandering over bank rivers, before the work can be accepted confidently. 

 

  



Chapter 7             Model for Estimating Discharge in Meandering Compound Channels 

149 

 

Chapter 7 

7 Model for Estimating Discharge in 

Meandering Compound Channels 

7.1 General 

Computation of flow in natural channels is the key to the solution of numerous 

engineering problems. At overbank stages, the water spreads to its floodplain leading to 

an abrupt change in the river geometry. Traditional methods of calculating discharge 

become inappropriate for meandering compound channels. The present work focuses on 

developing a model for predicting the discharge using gene-expression programming 

(GEP). A new empirical equation has been developed to predict discharge by taking four 

non-dimensional parameters viz Relative Depth ( ) , Sinuosity ( )s , Coherence Parameter 

(COH), and the Discharge Ratio ( )vdm bfQ Q .  

7.2 Introduction 

Over the past few decades, there have been considerable research on compound channel 

flow that has increased the awareness in social issues and environmental problems. 

Generally, discharge in a channel is estimated using Chezy’s formula (1769), Darcy-

Weisbach (1858) or Manning’s equation (1889). There are various methods available for 

estimating discharge that includes Single Channel Method (SCM), Divided Channel 

Method (DCM), Coherence Method (COHM), Meander Belt Division Method (MBM), 

Interacting Divided Channel Method (IDCM) and Modified Divided Channel Method 

(MDCM). In case of over bank flow in compound channels, the SCM underestimates the 

discharge volume of the channel cross section as the SCM suffers from a sudden 

reduction in hydraulic radius (Al-Khatib et al. 2012; Myers and Brennan 1990). The SCM 

and DCM methods give inappropriate discharge results due to their incapabilities of 

accounting the complicated flow interaction between the main channel and floodplain 

(Knight and Demetriou 1983; Knight and Shiono 1990; Lambert and Sellin 2000; Myers 

and Elsawy 1975; Myers 1987; Shiono et al. 1999; Shiono and Knight 1991; Weber and 

Menendez 2004; Wormleaton et al. 1982). Coherence Method (COHM) was proposed 

(Ackers 1992; 1993) by modifying DCM based on the ‘‘coherence” concept that 
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accounts the interaction effect between main channel and floodplains for calculating 

discharge in straight compound channels. Greenhill et al. (1993) proposed meander belt 

division method (MBM) to compute discharge by dividing a meandering compound 

channel into three zones (the main channel area, the meander-belt area and the area 

outside the meander-belt) and the total discharge is calculated by the summation of 

contributions from each subsection. Huthoff et al. (2008) proposed an interacting divided 

channel method (IDCM) by quantifying the lateral momentum transfer in terms of 

interface stress int( ) . Modified Divided Channel Method (MDCM) was proposed by 

Khatua et.al. (2011a) by considering the effect of momentum transfer in the analysis of 

compound channel.  

Apart from these conventional methods, soft computing techniques are also increasingly 

used for estimation of discharge in meandering compound channels (Najafzadeh and 

Zahiri 2015; Parsaie et al. 2017; Parsaie et al. 2015; Sahu et al. 2011; Seckin 2004; Unal 

et al. 2010). In the present study, gene-expression programming (GEP) is adopted for 

developing a model for estimating discharge capacity for meandering compound channel 

by following previous work of Zahiri and Azamathulla (2014) and Das et al. (2019). A 

new set of present experimental results for meandering compound channels with varied 

sinuosity in main channel and floodplain levee are used besides the experimented data 

sets of other investigators in the modelling of total discharge ratio ( )bfQ Q . The 

approach takes into account the parameters such as the relative flow depth ( ) , coherence 

parameter (COH) and the discharge ratio by DCM ( )vdm bfQ Q to develop a model for 

total discharge, bfQ Q . The model developed for the meandering compound channels 

uses channel data having sinuosity in the range of 1.04 to 2. Discharge results obtained 

from the developed model are compared with the traditional methods such as the SCM, 

DCM, MBM, IDCM, MDCM and COHM and their performance evaluation is carried 

out to decide the effectiveness of the proposed model. The developed model is also used 

to test their ability for highly sinuous channels having sinuosity exceeding 2.0. Finally, 

the model was successfully applied for validating the two available overbank discharge 

values for River Baitarani, India having sinuosity of 1.334. 
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7.3 Development of Model for Discharge Estimation in 

Meandering Compound Channels 

Gene-expression programming (GEP) is applied to develop an equation for the total 

discharge in a meandering compound channels with the help of GeneXproTools 5.0 

(Gepsoft 2014), where the generation of models are selected according to the fitness of 

training and testing dataset. In GEP, genetic variations take place to reproduce the 

selected models by using one or more genetic operators such as mutation or 

recombination. Thus, the foremost task is to determine the relevant testing and training 

data subset to construct a predictive model and to evaluate the performance. Dataset used 

in this study is achieved by small scale experimental setup, performed at NIT Rourkela, 

India, and also the other data comprises the work of Kar (1977); Das (1984); Toebes and 

Sooky (1967); Killey (1989); SERC Flood Channel Facility (FCF) at Wallingford, UK 

[on large meandering channels (Phase-B) (1990-1991) reported by Ervine et al. (1993); 

Greenhill et al. (1993) and James and Wark (1992)]; Khatua (2007); Mohanty (2013) that 

have similar geometrical conditions. Sinuosity of the channels varied from 1.04 to 2.00. 

Details of these experimental data are discussed previously in section 2.2 of chapter 2. 

The experimental parameters for these above data series of the meandering compound 

channels are given in Appendix A (Table A.1).  

7.3.1 Selection of Parameters 

Here, it is presumed that the total discharge ratio (total discharge in the compound 

channel to bank full discharge, )bfQ Q of the meandering compound channel is 

dependent on dimensionless parameters like relative depth ( ) , sinuosity ( )s , coherence 

parameter ( )COH and discharge ratio computed through the DCM ( )vdm bfQ Q . The 

required dimensionless equation can be written as  

 ,  ,  ,  vdm

bf bf

QQ
f s COH

Q Q

 

   
 

 (7.1) 

where, Q  is the total discharge in the compound channel, bfQ the bankfull discharge of 

the compound channel,   the relative depth [ ( ) ]H h H  , s  the sinuosity, COH  the 

coherence parameter by Acker (1993) and vdmQ  the discharge by vertical division method 

(VDM). Ervine et al. (2000) established an empirical relationship for bankfull discharge 
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( )bfQ  based on total depth of flow ( )H , and height of the main channel ( )h  and total 

discharge is written as: 

 
 

3.6846

1.2408
bf

Q
Q

H h
  (7.2) 

Depth ratio or relative flow depth ( )  is defined as the ratio of flow over floodplain

( )H h  to the total flow depth ( )H . Sinuosity ( )s  is the ratio of actual length of 

meander path of the channel to the straight down valley length. Discharge ratio computed 

through DCM ( )vdm bfQ Q is the ratio of discharge calculated through vertical division 

method to the bankfull discharge of main channel. Coherence is defined as the ratio of 

discharge capacity calculated by consideration of the channel as a single entity with 

perimeter weighing the friction factor to that discharge capacity of separated zones 

summed together. The value of coherence (COH) can be expressed in terms of the ratio 

of geometrical parameters of the compound channel, given as  

Let, * * *,  ,  
fp fp fp fp fp

mc mc mc

N A N P f
A P f

A P f
    (7.3) 

where, *A , *P , *f  are the area, perimeter and friction factor coefficient, respectively, 

fpN  the number of floodplains, fpA  and mcA  the area of floodplain and main channel 

respectively, fpP  and mcP  the wetted perimeter of the floodplain and main channel, fpf

and mcf  the friction factor of floodplain and main channel respectively. The value of 

COH is given as 
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 (7.4) 

7.3.2 Development of GEP Model for Predicting ( )
bf

Q Q  

The discharge ratio [Eq. (7.1)] is a function of geometric as well as hydraulic factors. 

The modelling process adopted in this study designates total discharge ratio ( )bfQ Q as 

the target value and the three independent parameters ( ,  ,  ,  and )vdm bfs COH Q Q as 

input variables which are accounted in Eq. (7.1). Four basic arithmetic operators 

( ,  ,  ,  )     and two basic mathematical functions such as x2 and xe  are used for the 

development of the model. A total of 179 numbers of data (Appendix A and Table A.1) 
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are used in modelling and distributed randomly for training and testing data phase. For 

the present work, about 70% of data are used for training and the rest 30% for testing. 

RMSE was used as the fitness function and the fitness ( )if , returns the summation of 

error in the target value for which root mean square error (RMSE) is calculated. 

         Table 7.1: Functional set and Operational Parameters Used in GEP Model. 

Description of Parameter Parameter Setting 

(1) (2) 

Function Set 
2, , , , , xx e     

Number of Chromosomes 30 

Head Size 8 

Number of Genes 3 

Gene Size 23 

Linking Function   Addition 

Fitness Function  RMSE 

Program Size 29 

Literals 12 

Number of Generations 10552 

Constants per Gene 10 

Data Type Floating-point 

Mutation 0.00138 

Inversion 0.00546 

Gene recombination rate 0.00277 

One-point recombination rate 0.00277 

Two-point recombination rate 0.00277 

Gene transposition rate 0.00277 

Insertion sequence (IS) transposition rate 0.00546 

Root insertion sequence (RIS) 

transposition rate 0.00546 

Initially, the model was generated with a single gene and two head lengths. Afterwards, 

the number of genes and heads were increased one at a time during each run and the 

performances of training and testing dataset are recorded. It was observed that the 

performances of training and testing data phase did not significantly improve for the head 

length greater than 8 and more than three genes. Therefore, eight as the head length, and 

three genes per chromosome were adopted for the development of GEP model. Addition 

operator was used as the linking function of three genes. After some trials, it was found 

that after 10552 generations, there was no appreciable change in the fitness function 

value and coefficient of determination of the training and testing data i.e. the generations 



Chapter 7             Model for Estimating Discharge in Meandering Compound Channels 

154 

 

may stop at this stage. The important parameters that affects the performance of the GEP 

modelling which are used for the development of model for estimating total discharge 

( )bfQ Q are presented in Table 7.1. All mentioned parameters were selected by the trial 

and error basis to obtain the optimum model of the GEP in the form of an algebraic 

equation between output and input variables. 

The analytical form of the proposed GEP model is expressed as 

 

2((((2.16 ) 8.36) ( )) (( ) ( )))

         ((((( 9.13) ) ) ) )

bf

Q
q COH

Q

s q COH e

   

 

        

    

 (7.5) 

Further the Eq. 7.5 is simplified as 

      2(18.07 8.36 )(2 ) ( 9.13)
bf

Q
q COH s q COH e

Q

           (7.6) 

where q  is the 
vdm bfQ Q . An expression tree (ET) representation for Eq. (7.5) is shown 

in Fig. 7.1, which represents GEP model for estimating discharge. In Fig. 7.1, d0 stands 

for  , d1 represents the channel sinuosity ( )s , d2 represents COH, d3 represents  

vdm bfQ Q  and G1c2, G1c4 represent the numerical constants used in the 1st gene of the 

model. Similarly, G2c4 represents the constant used in the 2nd gene of the model. 

 

Figure 7.1: Expression Tree (ET) for GEP formulation. 
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7.4 Results and Discussions 

A closer examination of performance matrices between the observed and predicted 

discharge ( )bfQ Q accomplished by GEP approach [Eq. (7.6)] for training and testing 

data phase, separately are shown in Fig. 7.2.  

 
(a) 

 
(b) 

Figure 7.2: Comparison between observed and predicted discharge ratio ( )bfQ Q  for (a) 

Training phase; (b) Testing phase. 
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After the development of the GEP model [Eq. (7.6)], an attempt is made for testing its 

strength. The authors have applied Eq. (7.6) to show the accuracy of predicted discharge, 

bfQ Q value with the observed value as shown in Fig. 7.3 for various data used in training 

and testing data phase individually. Figure 7.3 is the distribution of observed versus 

predicted values according to the individual datasets to provide a holistic idea about the 

range of datasets. 

 
(a) 

 
(b) 

Figure 7.3: Performance matrices for the prediction of the discharge ratio ( )bfQ Q  for the 

different data phase (a) Training phase; (b) Testing phase. 

Performance evaluations in terms of 
2R  (coefficient of determination), MAE (mean 

absolute error), RMSE (root mean square error) and MAPE (mean absolute percentage 

error) for the developed GEP model was calculated for both training and testing dataset 



Chapter 7             Model for Estimating Discharge in Meandering Compound Channels 

157 

 

which is given in Table 7.2.  The 
2R  value in the present approach for the two datasets 

(testing=0.997 and training=0.995) show the adequacy of the model. GEP gave the value 

of RMSE for the training and testing data sets as 0.15 and 0.19, respectively. MAE and 

MAPE values for training data were 0.12 and 5.27% and for the testing data were 0.15 

and 6.1 % respectively showing the performances and accuracy of the predicted model. 

Therefore, the developed GEP equation is a robust for prediction of 
bfQ Q with good 

generalization capability. 

Table 7.2: Performance evaluation of predicted 
bfQ Q by GEP model. 

Dataset R2 ME (%) MAE RMSE MAPE (%) 

(1) (2) (3) (4) (5) (6) 

Training 0.997  3.88 0.12 0.15 5.27 

Testing 0.995  4.10 0.15 0.19 6.10 

Sensitivity of the input parameters such as  , s , COH, and vdm bfQ Q  of the developed 

model by GEP approach [Eq. (7.6)] is crucial to draw the information about the 

percentage contribution to the model. The percentage of sensitivity ( )iS for each 

individual input parameter is established. The percentage of sensitivity of parameters ,

,s  COH and vdm bfQ Q for predicting the bfQ Q  are given in Table 7.3. 

Table 7.3: Sensitivity analysis of input parameters used for prediction of bfQ Q . 

 

Parameters 

  s  COH vdm bfQ Q  

(1) (2) (3) (4) (5) 

Sensitivity (%) 95.74 0.49 0.26 3.51 

        From Table 7.3, it is observed that relative depth ( )  has the highest influence on 

the output parameter (discharge ratio) with sensitivity of 95.74% while and vdm bfQ Q

have less effect on predicting bfQ Q  as 3.51% . COH  and s  parameters have almost 

negligible effect on predicting bfQ Q  with the values of 0.26% and 0.49%, respectively. 

        Various discharge estimation methods such as the Single Channel Method (SCM), 

Horizontal division Method (HDM), Vertical Division Method (VDM), Diagonal 

Division Method (DDM), Meander Belt Method (MBM), Modified Divided Channel 

Method (MDCM), Interacting Divided Channel Method (IDCM), Coherence Method 

(COHM) along with the newly developed model (Eq. 7.6) are used to calculate discharge 
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in the meandering compound channel. An attempt is made for testing its strength by error 

analysis. Due to a large number of dataset, the error analysis for individual series of 

dataset is unrealistic. Therefore, overall error analysis for the individual dataset is 

validated and the mean (ME) and standard deviation (SD) of percentage error are shown 

in Fig. 7.4 which indicates that the developed GEP model gives the least value of ME 

and SD for all dataset. 

 

Figure 7.4: Variation of Mean of Percentage Error (ME) and Standard Deviation of 

Percentage Error (SD) for different data series. 

Figures 7.5 through 7.8 represent the statistical index analysis of the various 

approaches along with the developed model for the individual dataset for 
2R , MAE, 

RMSE and MAPE. A value of 
2R  closes to 1 indicates a better correlation between actual 

and predicted values. The developed model results in a high 
2R  value ( 0.999)  than 

other approaches as shown in Fig. 7.5. MAE and RMSE has the same unit as the predicted 

variable; the lesser value of MAE (vary between 0.03 to 0.24) and RMSE (vary between 

0.04 to 0.35) suggest a better model as shown in Figs. 7.6 and 7.7, respectively. Mean 

absolute percentage error (MAPE) determines the percentage accuracy, which can be 

essential for prediction of discharge. The MAPE (vary between 1.61% to 6.09%) of 

model tends to give less error than other traditional methods for all the given dataset as 

shown in Fig. 7.8. 
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Figure 7.5: Values of R2 for the data sets using all modelling approaches. 

 
Figure 7.6: Values of MAE for the data sets using all modelling approaches. 

 

Figure 7.7: Values of RMSE for the data sets using all modelling approaches. 
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Figure 7.8: Values of MAPE for the data sets using all modelling approaches. 

    From Figs. 7.5 through 7.8, we can see the adequacy of GEP approach for discharge 

computation. The developed model [Eq. (7.6)] has a higher coefficient of determination, 

and smaller error statistics, thus showing more promising for the estimation of discharge 

as compared to the existing approaches.  

7.4.1 Validation of Model for Highly Sinuous Meandering Compound 

Channels 

The experimental channels considered for the development model [Eq. (7.6)] by GEP 

approach can be grouped as medium sinuous with sinuosity ranging between 1.04 and 

1.91. Authors have also chosen three highly sinuous channels with sinuosity ( )s of 2.043 

(FCF-B 1990-1991), 2.06 (Willetts and Hardwick 1993) and 4.11 (Pradhan and Khatua 

2017a) for the suitability of developed GEP model to such cases. Details of experimental 

channel dimensions of FCF B-39 and B-47 (1990-1991), Willetts and Hardwick (1993) 

and Pradhan and Khatua (2017a) are discussed previously in Section 2.2 of chapter 2 and 

the details of prameters are given in Appendix A (Table A.2). For all the 3 higher sinuous 

channels, the present model [Eq. (7.6)] developed from GEP approach gives the best 

agreement between the computed and the observed discharge values as shown in Fig. 

7.9.  

For more understanding of the compatibility of the model, error analysis of predicted 

discharge ratio is performed by different statistical measures such as 2R , ME, SD, MAE, 

RMSE and MAPE which are given in Table 7.4. The results demonstrate that the 

percentage of error between the observed and calculated discharge is the minimum for 

the proposed GEP model. 
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Figure 7.9: Predicted versus observed discharge value for higher sinuous meandering 

compound channel. 

Table 7.4: Error analysis of predicted discharge ratio for higher sinuous compound 

channels. 

Dataset Error HDM VDM DDM MBM MDCM IDCM COHM GEP 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

FCF B-39 

and 47 

(1990-

1991) 

R2 0.97 0.44 0.99 0.97 0.69 0.96 0.93 0.99 

ME (%) 75.26 42.32 75.04 107.2 3.67 56.7 92.84 0.17 

SD (%) 46.70 108.6 51.78 80.67 93.91 5.27 61.98 3.43 

MAE 2.48 2.01 2.34 3.24 2.67 2.61 3.01 0.13 

RMSE 2.67 2.47 2.45 3.40 3.46 3.19 3.24 0.17 

MAPE (%) 75.26 72.70 75.04 107.2 68.33 56.70 92.84 16.59 

Willetts 

and 

Hardwick 

(1993) 

R2 0.93 0.92 0.97 0.96 0.68 0.96 0.97 0.99 

ME (%) 35.30 1.46 20.10 55.26 28.77 59.1 30.22 0.60 

SD (%) 22.88 64.56 13.85 39.25 56.98 4.13 15.39 2.32 

MAE 1.59 2.35 1.01 2.22 3.25 3.13 1.65 0.07 

RMSE 2.09 3.22 1.43 2.70 4.56 3.98 2.36 0.09 

MAPE (%) 35.30 48.91 20.10 55.26 54.90 59.08 30.22 8.59 

Pradhan 

and Khatua 

(2017) 

R2 0.96 0.94 0.97 0.96 0.93 0.98 0.95 0.99 

ME (%) 32.23 30.1 31.35 44.76 81.51 59.6 37.23 0.25 

SD (%) 6.65 8.75 5.66 4.44 10.38 1.01 6.95 1.19 

MAE 0.98 0.93 0.95 1.34 2.45 1.76 1.13 0.03 

RMSE 1.06 1.02 1.01 1.39 2.56 1.80 1.21 0.04 

MAPE (%) 32.23 30.17 31.35 44.76 81.51 59.64 37.23 3.86 
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7.4.2 Application of Model to River Data 

The developed GEP model (Eq. 7.6) should also be adequate for its practical application, 

imitating the natural phenomena. Towards this, the Baitarani River, India is chosen for 

the application of the developed model for calculation of discharge involving meandering 

compound channel. Two sets of overbank flow data i.e., for 7.5 m depth of flow in the 

year 1985 flood and 8.63 m depth of flow in the year 1975, is considered of the site can 

be located between longitude 86 8  E  and latitude 20 10  N  at Anandapur, India. Details 

of the river Baitarani is discussed earlier in section 4.6.6 of chapter 4. The plan and cross-

sectional view of River Baitarani (Patra and Kar 2000) at Anandapur, India, gauging site 

is shown in Fig. 4.11 (chapter 4). The hydraulics parameters and autual discharge data of 

Baitarani river are given in Table 4.10 (chapter 4). 

        In order to test the strength and weakness, the authors have also performed the error 

analysis of the discharge ratio bfQ Q  predicted through developed GEP model as well 

as HDM and COHM approaches in terms of the mean of percentage error (ME), standard 

deviation of percentage error (SD), mean absolute error (MAE), mean absolute 

percentage error (MAPE), and root-mean-square error (RMSE) and their values are listed 

in Table 7.5. The authors have found the ME, SD, MAE, MAPE and RMSE as 0.88% , 

0.002, 0.032, 0.883% and 0.033, respectively, which are comparatively less than HDM 

and COHM approaches. Discharge results based on the application of developed model 

through GEP approach is given in Table 7.6. The discharge results are nearly equal to 

the observed values which indicates the adequacy of the model. The results give a clear 

indication about the efficiency of the proposed GEP model for the practical applications. 

Table 7.5: Error analysis of discharge prediction for river Baitarani by various models. 

Error HDM COHM GEP Model 

(1) (2) (3) (4) 

ME (%) 28.54 34.83 0.88 

SD (%) 14.295 11.668 0.002 

MAE 1.126 1.185 0.032 

RMSE 1.289 1.185 0.033 

MAPE (%) 28.543 34.831 0.883 
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Table 7.6: Testing of model by predicting discharge of Baitarani river. 

Stage 

 

Flow Depth, 

H (m) 

Observed 

Discharge, Q 

(m3/s) 

Predicted Discharge, 

Qpre (m
3/s) 

Error 

(E)  (%) 

MAS

E 

(1) (2) (3) (4) (5) (6) 

40 m 7.5 7855 7786 0.885 0.885 

41.2 m 8.63 12200 12092 0.882 0.882 

7.5 Summary and Conclusions 

The gene expression programming (GEP) is used to predict the discharge in the 

meandering compound channels. The developed GEP model equation was developed to 

estimate the exact values of the relative flow discharge using 166 high-quality data from 

laboratory meandering compound channels. It is pertinent to mention that the proposed 

GEP model is based on laboratory datasets with dimensionless geometric parameters in 

the ranges; 2.13 ≤α ≤ 16.08, 0.017 ≤ β ≤ 0.826, 0.0003 ≤ oS ≤ 0.0061, and 1.04 ≤ s ≤ 4.11. 

The following conclusions are drawn from the present research work: 

 For meandering channel, the proposed equation for discharge is dependent on 

parameter like relative depth, coherence parameter, sinuosity and discharge ratio by 

vertical division method. The proposed model by GEP approach is found to be quite 

adequate for all three types of channel systems ranging from laboratory models to 

large scale river systems and the highly sinuous channels.   

 The developed GEP model suggests better results in discharge estimation in 

comparison to other approaches in terms of their evaluation parameters such as R2, 

MAE, RMSE, and MAPE for different series of dataset.
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Chapter 8 

8 Conclusions and Scope for Further 

Research 

8.1 Conclusions 

The present theoretical and experimental investigation are focussed to meandering 

compound channels considering both straight and meandering floodplain levees. The 

results of new experiments conducted with rigid boundaries have the sinuosity of 1.37 

and 1.06 with straight floodplain levee and for a doubly meandering compound channel 

with both meandering main channel and floodplain levee has sinuosity of 1.37 and 1.06, 

respectively (having width ratio, α = 1.33). The tests have been conducted under quasi-

uniform and subcritical flow conditions. The primary or longitudinal velocity for these 

three channels have been measured under a number of in bank and overbank flow stages. 

Analysis on stage discharge relationships, longitudinal velocity profile, depth averaged 

velocity distribution, boundary shear force distribution, apparent shear stress and shear 

force distribution in compound channels are carried out from the experimental outputs. 

From the experimental results, analysis of earlier reported datasets and developed models 

connecting to research work, the major findings are enumerated below: 

 The boundary shear stress measured across the wetted perimeter of the present 

wide meandering compound channel for different flow depths reveal that the 

highest magnitude of resistance to the flow always occurs at the inner side of the 

bend. The total shear force carried by the floodplain surface on the concave side 

is always the largest among the other sub section boundary shear force values.  

 Model equations are proposed for predicting roughness coefficients for 

meandering compound channel having different geometry, sinuosity and flow 

conditions by using MARS, GMDH-NN, GEP and SVR machine learning 

programming tools. The equations consider the geometric and hydraulic non-

dimensional parameters (width ratio, depth ratio, meander belt width ratio, slope, 

and sinuosity ratio). MARS gives satisfactory results of roughness coefficient as 

compared to other approaches like GEP, GMDH, and SVR.  
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 The stage-discharge results computed from developed models of Manning’s 

coefficient are compared with previously developed analytical equations i.e. SCS 

(Fasken 1963), Jarrett (1984), LSCS (James and Wark 1992), Shiono et al. 

(1999), Jena (2007) and Khatua et al. (2011b). The suitability of MARS approach 

to determine roughness coefficient as well as stage-discharge for large-scale, 

small-scale, and natural river data over others are quite visible. 

 Equations for predicting the percentage shear force on the floodplains (% )fpS  in 

meandering compound channels are developed by using three advanced 

computational approach such as the MARS, GMDH-NN and GEP by taking into 

account five dimensionless parameters i.e.  ,  , oS , s , and   which are found 

to be quite adequate for all types of data ranging from laboratory models to large 

scale river systems as well as highly sinuous channels. Outputs from these models 

are compared with various data driven approaches like SVM and KNN as as well 

as previously developed analytical models of Patra and Kar (2000), Khatua and 

Patra (2007) and Khatua et al. (2011a). The results give a clear indication of the 

efficiency of the MARS, GMDH-NN and GEP methods and their potential for 

practical applications within a similar range of   dimensionless parameters. From 

error and uncertainty analysis it is observed that MARS is quite superior to the 

other approaches. 

 A modified variable-inclined (MVI) interface plane of zero shear for dividing a 

meandering compound channel into hydraulically uniform regions is proposed. 

The variation of interface lengths for outer and inner interface planes are 

represented and the apparent shear force are found to be close to zero for the 

compound sections signifying the minimum transfer of momentum across the 

imaginary modified variable-inclined interface plane. 

 An enhanced channel division method (ECDM) for calculating discharge through 

the proposed MVI interface plane is developed. The MVI interface method of 

separation for the compound meandering section provides the most acceptable 

discharge results. The standard error between the measured and calculated 

discharge using this interface plane is the minimum. The ECDM approach is also 

found to be quite good for discharge estimation for the two channels having 

sinuosity of 1.44, 1.91 and for river Baitarani (Annual 1975, 1985) at the 

Anandapur site (sinuosity =1.34).  
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 A simple technique is developed through GEP to predict discharge in meandering 

compound channel which dependent on parameters like relative depth, coherence 

parameter, sinuosity and discharge ratio by vertical division method. The 

contribution of each input parameters was evaluated through sensitivity analysis 

and found that the relative depth ( )  is the most essential in calculating discharge 

in the form of  
bfQ Q  compared with the other flow parameter like ,s ,COH and 

.vdm bfQ Q  

 The developed equation of discharge discharge in the form of 
bfQ Q suggests 

better results in comparison to other approaches like SCM, DCM, MBM, 

MDCM, IDCM, COHM in terms of R2, MAE, RMSE, and MAPE for different 

series of dataset.  

 The proposed discharge model in the form of 
bfQ Q by GEP approach is found 

to be quite adequate for all types of channel systems ranging from laboratory 

models to large scale river systems and the highly sinuous channels. The results 

give a clear suggestion of the efficiency of the GEP model and its potential use 

for practical applications within a similar range of non-dimensional parameter 

tested in this work.  

8.2 Limitations 

 It is pertinent to mention that the proposed models of Manning’s roughness 

coefficient, percentage sharing of shear force on floodplain and discharges are 

based on laboratory datasets with dimensionless geometric parameters in the 

ranges of 2.13 ≤α ≤ 16.08, 0.017 ≤ β ≤ 0.826, 0.0003 ≤ oS ≤ 0.0061, 1.04 ≤ s ≤ 

4.11 and 0.357≤ ω ≤ 1. The developed enhanced channel division method is 

introduced to calculated discharge in meandering compound channels by 

assuming modified variable-inclined (MVI) interface plane of zero shear force 

zone considering the limitations of experimental parameres as 4.81≤ ≤ 16.08, 

0.084 ≤  ≤ 0.385, 0.001 ≤ oS ≤ 0.0053, 1.06≤ s ≤ 1.91 and 0.36≤ ≤ 0.87. For 

data beyond this ranges, the values can be calibrated from the measured stage-

discharge data by the proposed methodologies. 

 New mathematical models for predicting Manning’s roughness coefficient, 

percentage sharing of shear force between floodplain and main channel and 
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discharges have been developed considering assumptions such as rigid bed with 

quasi uniform flow. For the present work, the roughness is taken as smooth and 

models are developed accordingly. The models needs to be modified suitable for 

their application to the natural rivers that carries non-uniform flow and 

differential roughness between main channel and floodplain.  

 The GEP, SVR, KNN, MARS and GMDH-NN models have been developed by 

taking less number of data (around 170 data) which includes the present 

experimental data and the data of other researchears. The models can be improved 

by using more number of datasets from similar type of channels. 

8.3 Scope for Further Research 

In the present work significant quantities of data have been collected and used covering 

smooth two-stage meandering channel. The present research can be extended for further 

studies in smooth compound channels in various ways. Some suggestions regarding the 

further scope of work are suggested as follows: 

 The work could be cover heterogeneous roughness on sub section perimeters as 

well as on range of doubly meandering compound channels.  

 There is need for experiment programme covering various meandering 

compound channels with varying sinuosity of both main channel floodplain 

levees and heterogeneous roughness on bed perimeters.  

 The developed models of different flow variables can be extended to such 

channels.  

 New experimental observations on the development of the secondary currents 

and their locations in the compound channel cross sections are necessary.  

 The channels used here are rigid with main channel aspect ratio of 2.33, so further 

experimentations may be performed in channels with mobile bed with high aspect 

ratio.  

 Details 3D velocity turbulence parameters need to be studied with more 

sophisticated instrument. 

 Work on the turbulence characteristics and secondary flow structures need to be 

empathised in meandering compound channels for proper modelling of depth 

averaged velocity and boundary shear stress for natural river channels.  
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Appendix B 

B. Appendix B: Overview of 

Computational Intelligence Technique 

(Section 2.6) 

B.1 Overview of Gene-Expression Programming (GEP) 

Gene-expression programming (GEP) is an extension of GP (Koza 1992) which evolves 

polynomial constructs, mathematical expressions, decision trees, and logical 

expressions. The process of GEP are encrypted into chromosomes organized in linear 

form to solve a particular problem, which are conveyed into an expression trees (ET) that 

are chosen according to their fitness at problem resolving stage (Ferreira 2001; 2002). 

The advantages of GEP are (Ferreira 2002): (i) the genes are in compressed linear form, 

relatively small, and easy to operate genetically (replicate, mutate, recombine, etc.); (ii) 

genes are selected through the reproduction with modification according to their fitness; 

and (iii) the complete appearance of generation of their respective genes into an 

expression trees. An algorithm involved in the process of GEP is shown briefly in the 

form of flowchart in Fig. B.1. Initially, the individual genes of the inhabitants are 

randomly generated, and then the genes are articulated and weighed based on a fitness 

function.  

In GEP modelling process, it is necessary to choose proper fitness function ( )iE . There 

are various type of fitness function available in GEP for evaluating model performance 

that includes mean squared error (MSE), root mean squared error (RMSE), mean absolute 

error (MAE), relative squared error (RSE), root relative squared error (RRSE), relative 

absolute error (RAE), and others. The fitness ( )if  of an individual chromosome ( )i is 

defined by the following expression 

 
1

i

i

M
f

E



 (B.1) 

where M is the selection range which ranges between 0 and 1000 with 1000 corresponded 

to the ideal (Ferreira 2006) and iE  the fitness function. For this problem, the RMSE is 

used as the fitness function of an individual chromosome ( )i , defined as 

https://en.wikipedia.org/wiki/Mean_squared_error
https://en.wikipedia.org/wiki/Root_mean_squared_error
https://en.wikipedia.org/wiki/Mean_absolute_error
https://en.wikipedia.org/wiki/Mean_absolute_error
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E P O
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   (B.2) 

where N  the total number of fitness cases or sample cases, 
ijP  the predicted value by 

the individual chromosome i for fitness case j , and 
jO the object value for fitness case .j  

ij jP O gives the value of accuracy of the target. So, the iE  index ranges from 0 to 

infinity, with 0 corresponding to the ideal. The value of accuracy is equal to zero if 

0.01ij jP O   and i maxf f M  . For present study, M=1000 therefore, maxf =1000.  

 

Figure B.1: Description of Algorithm used in Gene-Expression Programming (GEP) 

Modelling. 

        In GEP the major problem is to choose an architecture of generation of 

chromosomes which includes the length of the head and tail size of chromosomes, 

random constants and the number of genes. The head size decides the maximum size of 

each term or complexity in the model. The number of genes per chromosome determines 

the number of fundamental terms in the models as each gene programmes for various 

subset model. The chromosomes may be single or multiple gene consisting of variables 

with mathematical operators or function set. Selection of appropriate function set for 

developing model is much important in GEP process. The mathematical operators may 
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be arithmetic operators (+,  ,  ,  ) as well as functions ( 2x , 3 x , x , 3 x , xe , (1 ),x

ln( )x , sin( )x , cos( )x , tan( )x , power, etc.). The next step is to select the linking function 

for the subsets of model. Whenever the number of genes is greater than one, an 

appropriate linking function is required to attach the subset models programmed in each 

gene. Linking function may be the addition, subtraction, multiplication, division, 

average, min, or max which is used to link the subset of models. The final step is to 

choose the set of genetic operators (mutation, transposition, and crossover) and their rates 

that cause variation in model generation. 

       The architecture of GEP is flexible that allows to create a multiple number of models 

of various gene sizes and shapes. At first, a small population of models are generated 

arbitrarily and further the performances of model for each data are tested. By seeing the 

performance or fitness, the models are selected or reproduce with minor changes, giving 

rise to a formation of new models. These processes of selection and reproduction are 

repeated until a desired solution is achieved on a predefined number of generations, 

leading to the finding an optimum model.  

B.2 Overview of Multivariate Adaptive Regression Spline 

(MARS) 

The most popular databased method from the machine-learning field is the Multivariate 

Adaptive Regression Spline (MARS), which is adopted here to obtain a model for the 

prediction of required output in compound meandering channels. The MARS is a type of 

non-parametric regression model first introduced by Friedman (1991). It combines 

nonlinearities and interactions between variables automatically, for predicting 

continuous outputs (Leathwick et al. 2005). It also divides the data into several splines 

in the corresponding interval, wherein each spline splits the predictors into subgroups 

and knots for non-linear relationships (Friedman and Roosen 1995). Formulation of 

MARS is written as: 

 
 ( , )

1 1

iKN

o i ji v j i

i j

y c c F x
 

    (B.3) 

where y  is the dependent output variable, oc  the constant term, ic  the coefficient vector 

of the non-constant basis functions,  ( , )ji v j iF x  the truncated power basis function, ( , )v j ix  
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the index of the independent input variable of the thi term and thj  product, and iK  the 

order of interaction limit. Definition of the spline 
jiF  is given as: 

     ,
( )

0,

q
q

ji ji
ji ji

x t x t
F x x t

otherwise
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otherwise
 

  
   



 (B.5) 

where 
jit  is the loop of the spline. MARS model works through two steps: a forward pass 

process, followed by a backward pass. In the forward pass process, basis functions 

 ( , )ji v j iF x  are chosen to develop the model (Eq. B.3). This process causes a large 

expression of the model, which typically overfit the data. Therefore, there is a need for 

backward deletion procedure to reduce the overfitting and complexity of the model. In 

the backward process, the least effective basis function terms are deleted one by one to 

get the best function by calculating the residual sum of squares (RSS) error in the training 

dataset. The small value of RSS shows the best-fit model to the data. Equation B.6 is used 

to compute the value of RSS as 

 
 

2

1

ˆ
N

i i

j

RSS y y


   (B.6) 

where iy  is the observed value of predictor i , ˆ
iy  the predicted value of predictor i . 

Performance of basis function is measured by the generalized cross-validation (GCV) 

criterion (Craven and Wahba 1978). The lower values of GCV shows better predictor 

functions. The GCV criterion is defined as 

 
2

( )
1

RSS
GCV

C F
N

N


 
 

 

 
(B.7) 

where N  is the number of data and ( )C F a penalty function that increases with an 

increase in the number of basic function and also is considered as a smoothing parameter, 

which is defined as 

 
1

( )
2

F
C F F d

 
   

 
 (B.8) 

where F  is the number of the basis functions and d  the penalty for each basis function 

term included into the model. A detailed study of the penalty term ( )d  is stated by 
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Friedman (1991). Finally, the MARS model is developed by selecting basis function in 

a forward pass process and by tuning the basis functions by using a backward pass 

algorithm. 

B.3 Overview of Group Method of Data Handling Neural 

Network (GMDH-NN) 

GMDH-NN is a machine learning algorithm based methodology that works by the 

principle of self organized learning for modeling nonlinear complex systems (from the 

set of input and output data) or principle of termination (Amanifard et al. 2008; 

Anastasakis and Mort 2001; Ivakhnenko 1971; Ivakhnenko and Ivakhnenko 2000). The 

principle of termination is a process where the data seeding, rearing, hybridizing, 

selection, and rejection of seeds relate to the determination of the input variables, 

structure, and parameters of the model. The GMDH-NN algorithm consists of a set of 

neurons wherein altered pairs of the neurons are connected through a quadratic 

polynomial in each layer, resulting in the new neurons for the further layer. The GMDH 

algorithm was used by Ivakhnenko (1971) in modeling complex systems, which included 

a set of data with a number of inputs and one output. The main purpose of the GMDH 

network is actually to construct a function in a feed-forward network on the basis of a 

second-degree transfer function. For a given input vector 1 2 3( , , ,......., )i i i iNX x x x x  we 

want to predict the output iy  as close as possible to the actual output iy . For N  number 

of observations with multiple input variables, the output ( )iy  of the dataset is defined as: 

1 2 3( , , ,......., )               ( 1,2,3,....., )i i i i iNy f x x x x i M   (B.9) 

where iy  is the actual output for a given actual inputs 1 2 3( , , ,......., )i i i iNx x x x of function 

.f  For system identification problem, the function f   is approximately used instead of 

an actual function f , to predict the output value ( )y  as close as possible to its actual 

output, iy . A GMDH-NN network is trained to predict the output values y  for any given 

input 1 2 3( , , ,......., )i i i iNx x x x , that is 

1 2 3( , , ,......., )               ( 1,2,3,....., )i i i i iNy f x x x x i M    (B.10) 

GMDH-NN constructs some mathematical functions between each output and input 

parameter. The mapping between the input and output variables done through a GMDH 
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neural network is a nonlinear function called the Volterra series (Amanifard et al. 2008; 

Farlow 1984; Ivakhnenko 1971; Sanchez et al. 1997), in the form of equation as: 

1 1 1 1 1 1

.....
N N N N N N

o i i ij i j ijk i j k

i i j i j k

y c c x c x x c x x x
     

         (B.11) 

The Volterra series as a two-variable second-degree polynomial is analyzed using 

following equation 

2 2

1 2 3 4 5( , )i j o i j i j i jy x x c c x c x c x c x c x x        (B.12) 

The aim of the GMDH algorithm is to find the unknown coefficients ( )ic  in the Volterra 

series. The coefficients ( )ic  are solved with regression methods which is used to reduce 

the variation between the actual ( )iy  and predicted output ( )iy  for each pair of ix  and 

jx  input variables (Iba et al. 1995; Ivakhnenko 1971). The particular GMDH-NN 

function is decided by calculating the mean squared error (MSE) to minimize the square 

of the difference between the actual and predicted output from the relation 

1
( )

M

i ii
y y

MSE Min
M




 


 (B.13) 

B.4 Overview of Support Vector Regression (SVR) 

Support Vector Machine (SVM) is an emerging machine learning technology where 

prediction error and model complexity are simultaneously minimized. This study uses 

the SVM as a regression technique by introducing an  -insensitive loss function. A 

regression methodology adopted by using SVM is termed as support vector regression 

(SVR). The SVR uses the algorithms equivalent as the SVM model. In this section, a 

brief description on SVR is presented. More details can be found in many publications 

(Boser et al. 1992; Cortes and Vapnik 1995; Gualtieri et al. 1999; Vapnik 1995; Vapnik 

1999). The support vector machines (SVM) was introduced principally by Vapnik et al. 

(1995; 1999). The formulation represents the structural risk minimization (SRM) 

principle (Gunn 1998; Osuna et al. 1997). The SVR is applied as a regression 

methodology and formulated, as in Eq. (B.14). In SVR, the input is first mapped onto N  

sample space using nonlinear mapping, and then a linear model is constructed in this 

feature space. The linear model in the feature space ( , )f y w  is given by 
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( , ) ( )
N

i i f

i

f y w w g x b


   (B.14) 

where Nw R  and b R . ,w y  represents the dot product in the space 
NR . ( )ig x  

states a nonlinear function, and 
fb  is the “bias” term. In the preprocessing step, the bias 

term is dropped as the data are assumed zero. The optimization of SVR as in Eq. 2.39 is 

based on the theory that exists a function that provides an error less than   for all training 

datasets. Generally, SVR uses  -insensitive loss function (Vapnik 1995; Vapnik 1999), 

described as  

0                       if ( , )
( , ( , ))

( , )     otherwise

x f y w
l x f y w

x f y w


 

  
 

 
 (B.15) 

Where, the ( , ( , ))l x f y w loss function is used to measure the quality of estimation. 

To make the slope of the function ( )w  in Eq. B.15 close to zero, one has to minimize the 

value of w . It can be achieved by minimizing the norm (Smola and Scholkopf 2004), 

i.e., 
2

,w w w . It can be written as a convex optimization problem 

Minimize:  
21

2
w   

subject to: 
( , ) ,   1, 2,....,

( , ) ,   1, 2,....,

i i

i i

x f y w i N

f y w x i N





  


  
 (B.16) 

It is further described by introducing a non-negative slack variable i and *

i , to 

quantify the deviation of training datasets outside  -insensitive zone. Thus, the SVR 

algorithm is described by minimizing the following function 

minimize 
2

1

1
( )

2

N

f i i

i

w C   



    

subject to 

( , )

( , )

, 0, 1,2,....,

i i i

i i i

i i

x f y w

f y w x

i N

 

 

 





   


  


 

 (B.17) 

Now, the optimization problem (Eq. B.14) can be solved by using the following equation 

 
*

1

( ) ( )( . )
SVN

i i i f

i

f y y y b 


           subjected to: 
*0 ,  0i f i fC C      (B.18) 

where SVN  is the number of Support Vectors. The training data with non-zero Lagrange 

multipliers *( )i i   are called support vectors, i  and *

i  are the Lagrangian 
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multipliers. 
fC  is the meta parameters or capacity factor (0 )fC   which is the 

penalty to the error that causes the generalization ability of the model that determines the 

trade-off between the flatness of ( )f y . In practice, the 
fC  value is selected by trial and 

error. 

When linear regression is not appropriate, then input data have to be mapped into a high-

dimensional feature space through some nonlinear mapping and carry out a linear 

regression in the high dimensional space (Boser et al. 1992). The input data are mapped 

onto the feature 

space by a map 
jg  and the concept of kernel function, ( , )iK y y is introduced to reduce 

the computational demand (Cortes and Vapnik 1995; Cristianini and Shawe-Taylor 

2000). The kernel function is defined as 

 
,

1

( ) ( ) ( )
M

i j j i

j

K y y g y g y


          (B.19) 

There are various kernel functions such as linear, polynomial, radial basis function and 

sigmoid kernel. Furthe the Eq. B.18 reduces to a non-liner form as: 

 
*

1

( ) ( ) ( , )
SVN

i i i

i

f y K y y b 


           subjected to: *0 ,  0i iC C      (B.20) 

If the Lagrange multipliers ( i  and *

i ) will be zero, implying that the training data 

are considered to be irrelevant for the final solution. Generally, the performance of SVR 

depends on a setting of meta-parameters parameters C ,  , and the kernel parameters

( ) . The schematic diagram of the nonlinear SVR with the  -insensitive loss function 

(Deka 2014) is shown in Fig. B.2. 

 

Figure B.2: Nonlinear  -insensitive loss function.
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Appendix C 

C. Appendix C: Various Error Analysis 

Technique (Section 2.7) 

C.1 Coefficient of Determination (R2) 

Coefficient of Determination (R2) shows the discrepancy between the observed and 

predicted data that indicates how close the points are to the bisector in the scatter plot of 

two variables. R2 is calculated via the following formula: 
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 (C.1) 

The closure is the value of R2 to 1, shows a good correlation between the observed 

and the predicted value of the developed models. 

C.2 Mean and Standard Deviation of Percentage Error 

Error analysis in terms of mean of percentage error (ME) and standard deviation 

percentage error (SD) for the approaches ensures its suitability and applicability. 

The mean percentage error (ME) is the average of percentage errors by which predicted 

values of a model differ from observed values of the quantity being predict. The distinct 

error percentage ( )ie of the prediction results are determined as 

 (%) 100i i
i

i

P O
e

O


   (C.2) 

Now, the ME and SD of the percentage error for the complete test data set are calculated 

by using following expressions 

 
1

1
(%) 100

N
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i i

P O
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  (C.4) 

where ie  is the individual error percentage, and N the number of dataset. 
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C.3 Mean Absolute Error (MAE)  

Mean absolute error (MAE) measures how far predicted values are away from observed 

values i.e. it measures the closeness of the predicted and observed value. Thus, minimum 

the deviation of the predicted value from the observed value, the result will be better. 

MAE has the unit similar to the observed output.The mean absolute error has been 

evaluated as: 

 
1

1 N

i i

i

MAE P O
N 

   (C.5) 

C.4 Mean Absolute Scaled Error (MASE) 

The mean absolute scaled error (MASE) is a measure of the accuracy of forecasts. The 

mean absolute scaled error has favorable properties when compared to other methods for 

calculating forecast errors, such as root-mean-square-deviation, and is therefore 

recommended for determining comparative accuracy of forecasts (Franses 2016). Mean 

absolute scaled error is defined as:  

 
i i

i

P O
MASE

O


  (C.6) 

C.5 Mean Absolute Percentage Error (MAPE) 

Mean absolute percentage error (MAPE) is also known as mean absolute percentage 

deviation. Mean percentage deviation of the predicted value from the observed value is 

within 10%; then, the model can be regulated as a good prediction model. It is usually 

expressed as percentage and is defined by the formula: 

 
1

1
(%) 100

N
i i

i i

P O
MAPE

N O

  
  

 
  (C.7) 

C.6 Root Mean Square Error (RMSE)  

Root-mean-squared error (RMSE) or root-mean-squared deviation is also a measure of 

the differences between values predicted by a model or an estimator and the actually 

observed values i.e. it shows the deviation of a predicted value from observed value. 

These individual differences are called as residuals when the calculations are performed 

https://en.wikipedia.org/wiki/Accuracy
https://en.wikipedia.org/wiki/Forecasting
https://en.wikipedia.org/wiki/Forecast_error
https://en.wikipedia.org/wiki/Root-mean-square_error
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over the data sample that is used for estimation and are known as estimation errors when 

computed out of the sample. Thus the RMSE evaluates the variance of errors 

independently of the sample size via the following formula: 

  
2

1

1 N

i i

i

RMSE P O
N 

   (C.8) 

RSME values range from 0 to infinity, with a perfect fit between observed and forecasted 

values described by an RMSE of 0. RMSE have the unit similar to the dependent input 

value, i.e., a lower value of predictive variables depicts a better prediction model. 

C.7 Scatter Index (SI) 

Scatter Index (SI) signifies the percentage of difference in root mean square error 

concerning the mean observation. It gives the percentage of predictable error for 

parameters and is defined as: 
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 (C.9) 

Lower SI value indicating the least error 

C.8 Coefficient of Efficiency (E) 

The coefficient of efficiency (E) proposed by Nash and Suctcliffe (1970) is defined as 
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 (C.10) 

The range of E lies between   to 1. An efficiency of one (E = 1) corresponds to a 

perfect match of predicted value to the observed data. An efficiency of zero (E = 0) 

indicates that the model predictions are as accurate as the mean of the observed data, 

whereas an efficiency less than zero (E < 0) occurs when the observed mean is a better 

predictor than the model. Essentially, the closer the model efficiency is to one, the model 

is more accurate. 
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C.9 Akaike Information Criterion (AIC) 

The criterion for selecting the most appropriate model in time series analysis is that 

several models appropriate for representing a given set of data may betused. Sometimes, 

the choice is easy, but other times, it may be much difficult. Therefore, numerous criteria 

are introduced for comparing models that are different from methods of model 

recognition. Some of them are based on statistics summarized from residuals that are 

computed from a fitted model. In the present study, Akaike Information Criterion (AIC) 

is considered as an information criterion for model selection based on the statistical 

likelihood function. AIC can be computed from least square statistics, using the following 

expression. 
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  (C.11) 

where k  is the number of parameters. The best model in a set can be the one which has 

the minimum AIC value.  
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