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ABSTRACT 

 

 

Temporal variability of flows and sediments and bank erosion is fundamental to 

understand river dynamics. The temporal variability of sediment load and effective 

discharge class is one of essential information which is require to improve the barrage 

and canal operations for flow diversion into the canals. Similarly, bank erosion causes 

substantial land loss along the river banks due to erosion. Moreover, understanding for 

the impact of flood events on bank erosion are also lacking for sand bed braided river 

reaches. Similarly, quantitative relationship between branch channel movement and 

river bank erosion also have not attained significant attention. 

The river reach just starting from downstream of the Marala barrage to the 7 km 

downstream was selected to study the bank erosion. The reach is braided with small 

unstable sand bars and few semi-stable islands and river flows in multiple channels 

during low flows. The major proportion of the flows in the Chenab River occurs during 

monsoon season, which brings lot of sediments from the catchment. Thus, sediments in 

the river flows not only cause changes in the morphology of river but also diversion of 

highly sediment laden flows into the canals which creates sedimentation issues. 

Therefore, firstly, sediment rating curve, variation of sediment load and effective 

discharge for different temporal scales were examined. Secondly, the changes in the 

river were assessed and the relationships of river bank erosion with branch channels 

movement and floods magnitudes (during different flow regimes) were developed. 

Thirdly, two dimensional (2D) hydrodynamic numerical model was simulated for the 

flows/floods of 2010 and the results were coupled with the excess shear stress approach 

to predict the bank erosion and identify the river bank locations more vulnerable to 

erosion. 
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The temporal changes of sediment load were assessed through double mass 

curves. Based on these changes, sediment rating curves for each evaluation period i.e., 

Evaluation Period-1 (EP-1) ranging from 2000 to 2004 and Evaluation Period-2 (EP-2) 

ranging from 2005 to 2011, were developed. Therefore, sediment data was analyzed for 

each evaluation period. The base line period is selected from 1997 to 2000 and the 

changes in sediment load are analyzed for both evaluation periods. Eleven flood events 

were selected to assess the bank erosion. The impact of floods on river bank erosion 

and channel evolution was analyzed under low and high flow conditions. Flood induced 

changes, for river’s external banks and channel evolution were assessed by processing 

Landsat ETM+ images in Arc GIS tool and their inter-relationship is evaluated through 

regression analysis. The study emphasized on the sediment dynamics and river bank 

erosion which are the major factors which cause river morphological changes. 

Results obtained from double mass curve of flows and sediments revealed that 

sediment load increased by 8% during evaluation period-1, while decreased by 22% 

during evaluation period-2 in the river. The results suggest that monsoon floods are 

mainly responsible for sediment loading in the river; supported by the finding that 

effective discharge (1700−2100 m
3
/s) is almost twice the mean annual river discharge 

(918 m
3
/s). Over the 15-years study period, the discharge classes between 900 and 2900 

m
3
/s are mainly responsible for major proportion (76%) of the total sediment load in the 

river. The sediment load increased during the evaluation period-1 and decreased during 

evaluation period-2. 

The river banks experiences erosion that caused the widening of the river 

section. The average annual bank erosion rate is 34.3 m/y which is much higher on a 

global scale. The river reach has widened about 6% during the study period due to bank 

erosion, especially along the right bank. The results revealed that the major 
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morphological changes were triggered by the flood events occurred during the high 

flow or Monsoon season (July-September), whereas the flood events of relatively 

similar magnitude occur during low flow season (October-March) did not induce such 

changes. Mostly, the erosion remained limited to the middle segment of the reach, 

where the branch channel remains along the bank. Data analysis showed a strong 

correlation between the mean high flows and total bank erosion indicating that 

Monsoon seasonal flows and floods are responsible for bank erosion. The present study 

further identifies the river bank locations highly susceptible to erosion for the selected 

reach and similar approach can be used for other river reaches by developing the 

relationship between bank erosion and branch channels progression towards outer 

banks for the braided reaches of sand bed rivers. However, it is also concluded that the 

presence of sand bars along the river banks reduces erosion and weakens this 

relationship. 

The calibration of predicted bank erosion by excess shear stress approach with 

the image analysis results showed that the erodibility coefficient, originally developed 

by Hanson and Simon (2001), under predicted the bank erosion for the selected reach. 

Therefore, the relationship was modified for the estimation of erodibility coefficient. 

Similarly, two dimensional hydrodynamic modeling provided the good agreement in 

identifying the bank locations more vulnerable to erosion. Findings of the present study 

can help in developing better understanding about the temporal changes in sediment 

load, bank erosion process and constitute a key element to inform and improve river 

bank protection works for the study reach. 
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Chapter I 

INTRODUCTION 

 

1.1 IMPORTANCE OF RIVER MORPHOLOGY 

Alluvial rivers and streams are dynamic and continuously change position, 

shape, and other morphological characteristics in response to variations in different 

variables. These variables can be grouped into four categories: (1) the flow, (2) 

sediment load (quantity and characteristics), (3) bed and bank materials 

(characteristics) (4) shape and characteristics of the channel (width, depth, slope, 

shape, pattern, etc.). Morphological changes and adjustments take place in response to 

variations in any of these parameters through time or human activities. Fluvial and 

geotechnical processes form and adjust the morphological features of the channel over 

time. Therefore, understanding of fluvial and geotechnical processes is necessary to 

predict the behavior of river in a natural state. This requires thorough knowledge of 

the water and sediment regimes of the river, because the water discharge and 

associated sediment load drive morphological processes. 

 

Moreover, there has been increasing attention paid to the importance of river 

morphology in river management ever since the discovery that characteristic 

relationships exist between flow and channel cross-sectional, and that river channel 

react to changes in hydrological regime in a complex but understandable manner. 

Also, there has been focused on means of reducing the impact of traditional 

construction, mitigation measures and river management since the recognition that 

human actions can indirectly alter the river morphology. 
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1.2 FLOWS AND SEDIMENT DYNAMICS  

Flow rates and variation of sediment load depends on the catchment and storm 

characteristics. The shape and dimensions of an alluvial river channel are adjusted to 

wide range of flows and sediment transport. The discharge that results in average 

morphological characteristics of channels (for moving sediment, forming or removing 

sand bars etc.), is called as channel forming discharge or dominant discharge. The 

dominant or effective discharge responsible for maximum sediment load and forming 

channel morphology is still poorly understood. The channel forms (bars, dunes etc.) 

are also dependent on the transport of sediment load. 

 

Moreover, assessment of temporal variation in sediment loading is essential to 

manage reservoirs, canals and other structures. In the Indus Basin Irrigation System 

(IBIS), almost all irrigation canals are directly fed from rivers while river flows carry 

heavy sediment loads. IBIS is the world’s largest contiguous gravity flow irrigation 

system which irrigates an area of about 16 million ha that contributes around 90% of 

total food production of the country (Rizvi et al., 2012). Out of 181 billion cubic 

meter (BCM) available water, about 131 BCM is diverted into the 43 main canal 

irrigation systems; 11 BCM is lost in the river system and remaining 39 BCM flows 

to the sea (Badruddin, 1996). 

 

The sediment concentration also determines the channel pattern e.g., braided 

pattern of channel is formed due to the excess incoming sediment concentration in 

flows than the transport capacity of the channel (Akhtar et al., 2011). The relationship 

between flows and sediment is described through sediment rating curve. However, the 

complex dynamics of suspended sediment load often lead to poor correlation with 
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discharge. Various correction methods has been suggested to improve the sediment 

load from rating curve (SRC) e.g., by creating SRCs for rising and falling limbs of 

events, respectively or for different months and season seasons (Mattilla and Klove, 

2010), establishing an event-based load rating curve (Gao and Josephson, 2012), 

using polynomial or more complex functions and, using a physically based models 

etc. 

 

1.3 EFFECT OF FLOWS AND SEDIMENTS ON CHANNEL PLANFORMS 

The rivers can become braided, when the incoming sediment load exceeds the 

sediment carrying capacity of the flow, resulting in formation of sand bars due to 

aggradation of river bed. The coarse sand material becomes the nucleus for a bar 

formation, and subsequently grows into an island made up of coarse as well as fine 

material. A braided river is characterized by sand bars and islands which separate the 

flow into sub-channels. The deposition in the central part of the channel is caused by 

the occurrence of slack water conditions. The sediments in this area are deposited 

during flood and bed is aggraded accordingly. The consistent aggradation of river bed 

induces temporal decreases of stream power resulting in wide spread braiding (Akhtar 

et al. 2012). The sand bars and islands become a semi-stable type of islands due to 

lower velocities which diverts the flows towards the external banks, which tend to 

widen the river through bank erosion. 

 

The flows in river exert forces to detach and entrain the surface particles. The 

shear forces exerted by the fluid tend to erode the river banks and the resistive forces 

of bank material keep the banks stable. The stability of the river banks depend on 

many factors, which can be divided into three groups; (a) bank material 
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characteristics, which determine shear strength parameters and directly influence the 

response of the bank to a given flow event in terms of pore water pressures; (b) bank 

geometry (slope and height); and (c) characteristics of the flow event, in terms of the 

peak river stage and the shape of the hydrograph, controlling the complex interaction 

between pore water pressures and the stabilizing confining pressures of the river. The 

latter factor, as expected, plays the primary role in triggering mass failures. The mass 

failure is primarily dependent on the rising and falling stage of flood. The extent and 

nature of bank erosion or mass failure depends upon the net force exerted by flood 

water on the bank material and the resistance of the bank material (Knighton, 1984; 

Morisawa and Hack, 1985). Bank failures are commonly considered to occur during 

drawdown (falling stage of hydrograph) following a high stage, when the bank 

material is saturated and there is no confining pressure of the flows on river banks. 

 

River sedimentation and morphological processes are among the most 

complex and least understood phenomena in nature. From engineering viewpoint, the 

impact of these dynamics and channel changes may be very significant. For example, 

loss of 30 m of river bank may endanger a community living along the river and their 

valuable agriculture land. There is strong need to conduct research and to improve the 

existing scientific knowledge regarding bank erosion and its relationship between 

floods and channel changes during different flow regimes. This in turn will be helpful 

for construction/ improvement of river training or river bank protection works. 

 

1.4 PROBLEM STATEMENT 

Addressing real world problems in water resources engineering is often 

challenging. Because of the reliability of data, large spatial and temporal natural 
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heterogeneities, and knowledge gaps that limit our ability to predict morphologic 

changes during different temporal scales i.e., from individual storm events to decadal 

periods of time. Perhaps even more challenging to hydraulic and sediment 

engineering scientists is understanding and quantifying the interaction of flow with 

sediment dynamics and bank erosion and the short and long term effects of these 

processes on morphological changes. 

 

River morphological changes takes place in response to variations in different 

variables e.g. flow, characteristics of channel, sediment load and bank and bed 

material. In braided rivers, growing sand bars in the river channel deflects the main 

stream towards the outer banks and may cause bank erosion. The consistent 

aggradation of riverbed induces temporal decrease of stream power resulting into 

wide spread braiding. The river braiding in turn causes substantial yearly land loss. 

Riverbank erosion can result in a series of engineering, environmental and socio-

economic problems, such as damages to engineering structures and loss of agricultural 

land. Therefore, it is important to understand the mechanisms whereby channel 

processes cause bank erosion, and to predict the lateral migration due to bank failure 

at critical location. 

 

Floods have resulted in loss of life and substantial damage to property, 

infrastructure and agriculture. Serious flooding also leads to dislocation of entire 

communities, disrupting the life and productive activities of the communities living 

along the river banks. In many cases, the poorest segment of society suffers the 

greatest damage as a single flood can wipe out their limited possessions, including 

houses, livestock and small farms, which are their only source of livelihood. Flood 
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hazards and riverbank erosion that adversely affect human settlements, infrastructure 

and farming areas have to be minimized so that the rural communities in flood-prone 

areas can sustain by increasing agricultural production, employment and incomes. 

Conventional protections measures are adopted to protect the bank erosion but due 

inadequate analysis, limited knowledge of bank erosion processes and lack of 

adequacy of the conventional method, do not prove as an effective solution. 

 

Many studies have focused on the river planform evolution with the aim of 

studying the river bank line migration for sand bed rivers (Khan and Islam, 2003; 

Takagi et al., 2007; Baki and Gan, 2012; Mount et al., 2013). The earlier studies relate 

morphological changes over different temporal scales; short to long (see for example 

Baki and Gan, 2012) and medium to long scale (Warburton et al., 1993: Brewer and 

Levin, 1998; Winterbottom, 2000; Hook, 2008). However, these studies are unable to 

relate bank erosion with specific flood event due to larger temporal scale. 

 

The monsoon runoff is known to affect the river bank erosion rates (Darby et 

al., 2013) but the relationship between high flows and the morphological changes 

(channel network and bank erosion) has not yet been the focus of significant attention. 

In this context, the present work help for better understanding of bank erosion and 

analyzes the flood events affecting the bank erosion and their relationship with the 

shift of branch channels in sand bed braided river reach. In a natural river, additional 

factors complicate the evolution of channels, such as graded material in riverbanks, 

temporal variation in water discharge and sediment supply, and spatial variation in 

water depth and river width.  
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Although the Chenab River is a major tributary of the river Indus and 

contributes significant portion of flows and sediments, but little is known about its 

sediment dynamics. However, Alizai et al. (2011) estimated the sediment yield about 

22.5 Mt per year based on zircon sand grains at lower Indus. The estimated annual 

sediment yield was 22.1 Mt/y on the basis of samples collected by SWHP at 

Alexandria Bridge from 1964 to 1968. But the data is unable to provide the effective 

discharge for the river. The present study focuses on the braided part of the Chenab 

River downstream of Marala Barrage in order to assess the bank erosion rate induced 

by the flood events under different flow regimes. Loss of land due to erosion has 

significantly affected the agricultural land in some areas. Snowmelt from the 

mountains combined with monsoon rains (generally from July to September) causes 

heavy flooding and riverbank erosion. Floods have caused immense loss of life and 

agriculture for many years in Marala- Khanki reach of Sialkot District (Tariq and 

Giesen, 2012). These floods also have caused the bank erosion. Only on the right 

bank side more than 100 acres area was washed away due to riverbank erosion in 

three years (2007-2010) within the 4.5 km distance downstream of Marala Barrage. 

Therefore, it is important to investigate the flow and sediment dynamics, accurately 

identify the locations vulnerable to erosion and prediction of river bank erosion in this 

river reach. 

 

1.5 RESEARCH HYPOTHESIS  

The floods are considered to have a considerable impact on bank erosion and 

changes in network of branches of braided river reaches. Therefore, the flood events 

generated from monsoon rainfall events entirely changes the network of channels and 

causes immense loss of land along the river bank due to erosion. Sometimes almost 
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floods events of similar magnitude also occurs during low flow season. The impact of 

the comparable magnitude flood events during both seasons can have similar impact 

or otherwise on bank erosion and reshaping the branches of the braided river needs 

investigation. This can further support to predict the bank locations more prone to 

erosion for implementation of bank protection works. 

 

The hypothesis was tested by analyzing the flows/ floods and landsat images 

acquired before and after the flood events. The impact of flood magnitudes and 

location of river branch channels on bank erosion was analysed and their 

interrelationship was also developed. Identification of river banks line and erosion 

were done by analyzing the images using the tools available in ArcGIS software. 

 

1.6 OBJECTIVES OF THE STUDY 

The main objective of the study was to analyze the temporal variation of flows 

and sediment load and assess the river bank erosion changes due to floods during low 

and high flow seasons. This can further help for better understanding of river bank 

erosion process, identification of the river locations prone to erosion for better 

implementation of river bank protection works. 

 

The specific objectives were to: 

1. Analyze the temporal variation in flows and sediment load at Marala Barrage. 

2. Investigate the hydrological events causing major morphological changes in 

the river reach using remote sensing (RS) data. 

3. Analyze the impact of selected flood events, during low and high flow 

seasons, of relatively similar magnitude on river bank erosion. 
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4. Develop the relationship between bank erosion and river flows (mean annual 

and high flows) to investigate the dependency of the erosion rates on river 

flows. 

5. Develop the relationship between bank erosion and lateral shift of branch 

channels flowing along the river banks for identification of locations more 

prone to erosion. 

6. Predict the bank erosion rate by coupling the numerical model results with 

excess shear stress approach. 

 

1.7 SCOPE AND LIMITATIONS OF STUDY  

There is no control over the flows of the River Chenab by Pakistani 

Authorities, because most of the catchment area and hilly terrain is present in Indian 

held Kashmir. Therefore, a vast temporal variation in discharge and sediment 

normally occurs. The Marala Barrage is the first structure on River Chenab after 

entering into Pakistan. The canals, off-taking from left under sluice of the barrage, 

combined are designed for 1090 m
3
/s discharge. Presently, no any published temporal 

trends of sediment load and bank erosion rates are available. Analysis of flows and 

sediment data provides the discharge class which contains the maximum sediment 

load. Analysis of images provides the bank erosion rates and impact of floods and 

river branch channels on bank erosion. Bank erosion rates are also compared on 

global scale which provides the information that how much the river banks along the 

selected reach are susceptible to erosion. The numerical model results are coupled 

with the excess shear stress approach to predict the bank erosion rates and 

identification of the river bank locations more vulnerable to erosion. 
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The study has associated some limitations e.g., there is limited sediment data 

observation in the river. Therefore, the relationship of the river sediment 

concentration with the data of Upper Chenab Canal is developed to estimate the 

sediment load in the river because the canal is perennial and the sediment 

concentration data is measured throughout the summer season. 

 

1.8 DISSERTATION ORGANIZATION 

The thesis consists of six chapters. Chapters 1, introduces the morphology, 

impacts of different variables on river morphology, importance for the assessment of 

these changes, discussing problem statements and explains the objective of this study. 

In chapter 2, a literature review is presented to provide a basic concepts, detailed 

background and previous work by citing the recent research in the area of river flows 

and sediment dynamics, bank erosion and pattern changes which includes the use of 

recent remote sensing technologies and, the computational fluid dynamics models that 

in turn provided the stepping stone for this thesis. Previous works provide basis for 

evaluating the significance of the current research. Chapter 3, describes the study area 

which includes the hydrology at barrage, canal system etc. Data collection and 

methodology adopted for sediment analysis, bank erosion calculation using remote 

sensing images, numerical modeling and, coupling excess shear stress approach and 

model results are described in Chapter 4. Chapter 5 includes the result and discussion 

obtained from the analysis of data which includes sediment rating curves, sediment 

load computation, effective discharge in the river, numerical model results and 

predicted bank erosion from excess shear stress approach. Chapter 6 contains the 

conclusions and recommendations. 
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Chapter II 

LITERATURE REVIEW 

 

This chapter covers the basic concepts and review of studies on channel 

patterns, factors affecting the morphological changes (especially the river bank 

erosion), morphological changes using remote sensing images, hydrodynamic and 

bank erosion modeling studies, coupling of numerical model results with bank erosion 

model and bank protection. 

 

2.1 CLASSIFICATION OF CHANNEL PATTERNS 

Naturally, alluvial channels are categorized as straight, meandering and 

braided (Leopold and Wolman, 1957; Nanson and Knighton, 1996) (Figure 2.1). 

Straight rivers have minimum sinuosity at bankfull conditions. Meandering rivers 

consist of series of turns with alternate curvatures. They have relatively low gradient 

and are quite unstable due to predominant bank erosion. Braided rivers are wide and 

shallow and divided to branches by a number of semi stable or unstable bars or island. 

Many researchers proposed different criterion to differentiate for these channel 

patterns which are based on slope and bankfull discharge (Leopold and Wolman, 

1957), slope and mean annual discharge (Lane, 1957), slope, discharge and median 

particle size (Ferguson, 1987), form parameter (Parker, 1976) and bank sediment 

friction angle (Millar, 2000). Channel pattern and the style of meandering or braiding 

are closely related to the nature of the bars (Kleinhans, 2010). Rivers self-organize 

their planform pattern through feedbacks between bars, channels, floodplain and 

vegetation, which emerge as a result of the basic spatial sorting process of wash load 

sediment (sediments that keep in suspension) and bed load sediment. While bars and 

floodplain form, the banks are eroded on the other side of the channel. Thus the 
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balance between floodplain formation and destruction determines the width of 

channels. Bar pattern, in turn, is determined mostly by width to depth ratio. Relatively 

narrow rivers may have alternate bars, point bars and are generally single thread. 

Wide rivers with multiple bars in their cross section may have multiple channels and 

are categorized as braided rivers. Transitional states in rivers include weak braiding, 

chute bars and chute channels. Bar patterns provide the template of bank erosion and 

accretion as well as the dynamics of channel networks in anabranching and braiding 

rivers. In meander bends, bars are forced to their positions by the bends, in contrast to 

free bars that may migrate. It is therefore tempting to infer that alternating bars lead to 

alternating bank erosion so that meandering rivers emerge. But this requires that new 

floodplain forms on the opposite side at the same rate as it is eroded, otherwise the 

channel widens and changes to a more braided state. Thus floodplain formation by 

sediment deposition, levee formation and vegetation enters the explanation of channel 

and bar pattern (Kleinhans, 2010). 

 

2.2 FACTORS AFFECTING RIVER MORPHOLOGICAL CHANGES 

River morphological occurs due to natural processes or engineering activities, 

such as river regulation and training works. River morphology considers the 

interaction between different variables which can be grouped into four categories: (1) 

dynamic flow (rate, discharge roughness and shear load), (2) shape and characteristics 

of the channel (width, depth, slope, shape, pattern, etc.), (3) sediment load and, (2) 

bed, and bank material (shape and characteristics) (Biedenharn et al., 2008; Martín 

Vide, 1997). Morphological changes take place in response to variations in any of 

these parameters. Therefore, the present study is focused on flow and sediment 
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dynamics, river bank erosion and its relationship with flows and branch channel 

movement.  

 

 

Figure 2. 1 Classification of alluvial river patterns (modified after Nanson and 

Knighton, 1996). 

 

2.2.1 Flows and Sediments Dynamics 

The morphology of the channel adjusts to accommodate the range of flow 

events responsible for regulating the balance between the erosive and resistive forces 

that mold the channel. Consequently, the shape and dimensions of an alluvial river 
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channel are adjusted to and reflect the wide range of flows that entrain, transport, and 

deposit sediments (Lane 1955).  

 

 Gao and Josephson (2012) identified the two different sediment transport 

processes separated by two threshold discharge values for the rating curves of 

different seasons. Sediment rating curves (SRC) of each season revealed that the 

sediment was transported near capacity rate at low discharges but well below capacity 

at higher discharges. Sediment load predicted by individual SRC’s for each season 

were similar to those predicted by single SRC. These suggested that two transport 

processes separated by threshold discharges were not significantly different. 

Comparison of sediment yield estimated by individual years SRC’s and a combined 

rating curve of three years provided the difference less than 5%. On the basis of result 

they stated that the combined-year SRC can be used to predict the future sediment 

yield with a reasonable accuracy. 

 

Ali and De Boer (2007) developed the sediment rating curves for eight (8) stream 

gauging sites in the Upper Indus Basin (UIB) and analyzed the spatial variation of 

sediment yield. They suggested that there are some other variables beside stream 

discharge that influence the sediment concentration in the river flow. These may be 

categories as mass movements, bank collapses and inflows from local rainfed 

catchments. They used the most commonly used power function sediment rating 

curve for the estimation of sediment yield at selected locations. The major portion 

(80-85%) of the sediment transported from the glacierized and snowed sub basins of 

UIB is generated during July and August. The sediment yield from the snowfed and 

rainfed catchments like Astore reaches to maximum in June followed by July. 
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Somewhat smaller portion of sediment yield also generates in June due to glacier 

melt. The catchments where flows are influenced by rainfall, the maximum sediment 

yield generates during the monsoon months. The annual average flows transported 1-

6% sediment yield for the rivers fed by glacierized areas below the annual average 

flows. This percentage of sediment yield increased in average annual flows as the 

influence of monsoon increases. The effective discharge for the glacierized basins 

were 5.0-6.0 times the average discharge and decreased for the catchments in lower 

regions. The effective discharge for the main Indus River was 2.5-3.0 times the 

average discharge. 

 

2.3 MORPHOLOGICAL CHANGES USING REMOTE SENSING IMAGES 

Remote sensing has been proved a very useful tool in morphological changes 

in large rivers due to relatively higher temporal remote sensing images resolution. 

This higher temporal resolution of images has made it possible to detect the river 

morphological changes due to individual or successive hydrological events. Landsat 

images have been mostly used in different researches to identify the morphological 

changes of the rivers, especially in the Bharmaputra River. Many researchers have 

used these images in some other areas also to detect the river bank retreat and island 

changes. Researchers have used these images to estimate the annual river bank retreat 

and island dynamics on different temporal scales. But the temporal scale selected to 

detect the bank erosion and island dynamics did not able to relate these changes with 

particular event. Therefore, it was necessary to relate these changes with hydrological 

events to see the impact of individual event on these changes. 
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Takagi et al. (2007) analyzed the spatial and temporal distribution of land 

cover changes and stability of braided belt (inferred from land cover change) of a 

large, sandy and braided Brahmaputra River system using 14 different Landsat images 

between 1967 and 2002. On the basis of analysis, the morphological changes were 

categorized on four decades from 1960’s to 2000. For each phase, braided width 

variation, channel width variation, land use correlation etc. were determined. First, 

they used the un-supervised classification and then reduce it to three classes to 

discriminate the main features of the river i.e., water, sand and grass, based on the 

supervised classification. They found the larger braided belt width at first but became 

smaller with time. They suggested that the changing river conditions may be related to 

large floods during all four phases. 

 

Kummu et al. (2008) quantified the bank erosion and accretion rates in the 

Vientiane-Nong Khai section of the Mekong River using hydrographic Atlas derived 

from aerial photographs, field surveys and SPOT 5 satellite images of 2.5 m 

resolution and compared it to global erosion rates. Bank erosion and accretion rates 

were analyzed for the periods 1961–1992 and 1992–2005, respectively. The erosion 

rates were 0.8 and 1.0 meter per year (m/y) and bank accretion was 0.4 m/y and 0.7 

m/y for the first and second analysis period, respectively. They suggested that the 

slight increase in the bank erosion in the second period could be the consequence of 

the reduction of the suspended sediment concentration. 

 

Bertoldi et al. (2010) assessed the morphological changes induced by six 

different floods in a 1-km-long gravel bed braided river reach. Cross-section profiles 

and planimetric configuration was monitored after each flood to quantify the 
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transported sediment volume. Morphological changes occurred well below the 

bankfull discharge values. Only the last event caused the external banks to erode 

when the entire floodplain was inundated. The study results suggested that bank 

erosion is responsible for planform variation proportional to the width of the channel. 

They calculated the bank erosion equal to the half of the channel width during low 

flows. They found that the active width and the morphological changes are the 

function of the flood water level. Flow pulses cause the bank erosion at bend apex 

only whereas the large floods cause network evolution at reach scale. 

 

Thakur et al. (2012) analyzed the river bank erosion upstream of Farakka 

Barrage by using LANDSAT and IRS images. Sinuosity and braidedness index 

increased drastically. Also positive relation was found between island area and 

sinuosity and braidedness index. Due to high sediment load and peak discharge, and 

because of an obstruction, sediment deposition was high in this area caused the 

islands area to increase, which also increased the braidedness. Because of lateral 

erosion channel width increased and this shift towards left bank eroded many villages 

and land area every year. They recommended that the localized bank protection work 

might be useful for short term measures. 

 

More recently Basar et al. (2012) studied the river bank migration and island 

dynamics of the braided Jamuna River using Landsat images spanned over 30 years 

(1973-2003) to investigate the short and long term erosion and accretion processes 

from the perspective of discharge, channel width and river bed materials. In the study, 

thirteen images of Landsat MSS and TM from 1973 to 2003 were used to understand 

the riverbank migration patterns and island dynamics. For the short term analysis, the 
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average erosion and accretion rates were calculated 227 and 271 m/y on the left bank 

and 187 and 184 m/y on the right bank. For the long term analysis, the average 

erosion and accretion rates were calculated 90 and 104 m/y on the left bank, 75 and 

50 m/y on the right bank. They concluded that the long term migration rates were 

smaller than the short term for both banks because of bank protection works and the 

time averaging effect. The average erosion rate estimated for the short and long term 

analysis were 207 m/y and 83 m/y, respectively, which was much higher than the 

global erosion rate (18 m/y) estimated by relationship developed by Van de Weil 

(2003). They found that the islands bigger than the 150 ha more stable than the 

smaller islands less than 50 ha. 

 

Baki and Gan (2012) calculated short and long term bank erosion and 

accretion rate for the Jamuna River of the lower Brahamaputra, which is one of the 

world’s largest braided rivers. The average erosion and accretion rates were calculated 

as 227 and 271 m/y (90 and 104 m/y) on the left bank, and 187 and 148 m/y (75 and 

50 m/y) on the right bank of Jamuna for the short-term (long-term) analysis, 

respectively. One of the major findings regarding the formation and movement of 

island was that the shape and position of the island changes due to floods but its total 

area remains the same. The islands of area more than 150 ha were more stable than 

the islands of 50 ha. 

 

Mount et al. (2013) used the continuous wavelet transform technique to 

explore spatio-temporal patterns of line retreat along a Jamuna River, Bangladesh. 

They derived the bank line retreat from the landsat images of the period 1987-1999. 
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They found that the localised bank erosion is strongly related to the magnitude of 

peak flows during monsoon. 

 

Review indicates that, however, many studies on river morphological changes 

using remote sensing images such as that of Kummu et al. (2008) and Baki and Gan 

(2012) have been carried out for Mekong and Bharamaputra Rivers, respectively. But 

these analyses provided the average bank erosion rates for different temporal scales, 

neglecting the impact of individual flood event. Bertoldi et al. (2010) developed the 

relation between water level and bank erosion due to different flow and flood pulses 

in a gravel bed braided river reach. Many researchers provided the erosion rates for 

different reaches of the rivers in the world. Van De Wiel (2003) developed the 

relation between bank erosion and drainage area and presented a figure for global 

erosion rate. The findings of the studies for different river reaches may help for 

providing the erosion/ accretion rates and formulation of erosion management plan of 

those rivers. 

 

Even though the bank erosion is the foremost disasters for the people entirely 

dependent on the cultivation along the rivers downstream of barrages in Pakistan 

because of the loss of agriculture land due to bank erosion. The erosion management 

plan is also based on the conventional measures which did not prove beneficial in the 

past. 

 

The present study presents a new understanding about the changes in river 

morphology induced by the flood events under different flow regimes. Therefore in 

this study: (i) investigated the hydrological events that cause the major morphological 
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changes; (ii) studied the impact of different magnitude floods on bank erosion; and 

(iii) developed relationship between channel movement and bank erosion. Remotely 

sensed data is analyzed to investigate temporal morphological changes in the selected 

river reach. This study not only investigates the bank erosion rates but also presents 

the relationship between channel movement and bank erosion in an alluvial bed 

braider river reach. For this, temporal morphological changes in the river have been 

investigated using the remote sensing data. 

 

2.4 FACTORS AFFECTING RIVER BANK EROSION 

The river bank erosion causes significant environmental and economic 

problems such as loss of agricultural land and infrastructure along the river banks. 

The excessive river bank can also contribute into the total sediment load in rivers 

(Ercan and Younis, 2011). The river configuration, hydrology and soil stratification of 

the banks complicates the assessment of bank erosion and identification of the 

locations more susceptible to erosion along the river bank. For cohesive river banks, 

the erosion is principally a function of discharge which increases the rate of change in 

river width as the distance increases downstream. But at a particular section, the 

formation of sand bars and central island causes to increase the external banks erosion 

which increases the rate of change of width (Knighton 1974; Akhtar et al. 2011). 

River bank erosion strongly depends on the event peak discharge (Hook 1979). The 

combined actions of different physical process e.g., weathering, fluvial erosion, and 

geotechnical instability causes bank erosion (Thorne 1982; Lawler 1992). In addition, 

some other factors such as the soil properties, the frequency of freeze–thaw, the 

stratigraphy of the bank structure, the type and density of vegetation and the grain size 
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of the bed sediment at the toe of the bank significantly influence the erosion 

processes. 

 

The river bank erosion depends on the combination of different factors and 

conditions. The river bank erosion in each event is controlled by the combination of 

different conditions/ factors. Sediment composition is a major factor affecting the 

spatial distribution of erosion and its relationship to the erosion process. The banks 

with higher fine particles are more resistant to erosion (Hook, 1979). But the banks 

with low heights and higher silt material also experience higher erosion due to 

frequent wetting to its total height. River bank retreat typically occurs by a 

combination of three processes: sub-aerial (freeze-thaw) processes and erosion, fluvial 

erosion, and bank failure (Lawler, 1995). Sub-aerial processes are climate-related 

phenomenon that reduces soil strength and causes the river bank more susceptible to 

fluvial erosion. Fluvial erosion is the direct removal of soil particles from the river 

bed or bank by river flow, while the collapse of stream banks due to slope instability 

is referred to as bank failure (Lawler, 1995). River bank retreat is typically a cyclic 

process, initiated by the fluvial erosion of the channel bed and/or bank toe, which 

creates a geo technically unstable stream bank. This instability results in failure of the 

river bank and deposition of failed material at the bank toe. Subsequent floods and 

high flows remove the failed material and the bank retreat cycle is repeated until the 

channel widens enough to reduce the boundary shear stress to non-erosive levels 

(Thorne, 1982). Therefore, river bank erosion can be influenced by these four 

parameters/ processes: (1) Discharge, (2) sediment composition of river bank 

material, (3) river bank height, (4) sub-aerial process.  
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Akhtar et al. (2011) presented an approach to enable quantitative assessment 

of spatio-temporal behavior of channel braiding process of the Brahmaputra River by 

using the Plan Form Index (PFI) and corresponding estimation of stream power to 

establish a behavioral pattern of variability of potential energy expenditure. They 

found that as the PFI goes up, stream power becomes lowered causing river bed to 

rise and formation of additional multiple channels. The formation of the bar deflects 

the main stream towards the banks and may cause bank erosion. The study indicated 

that due to consistent aggradation of river bed inducing temporal declination of stream 

power causing wide spread braiding. This in turn incurred substantial yearly land loss 

due to bank erosion, caused by flow concentrations due to temporal evolution of 

multiple channels in the river. 

 

Darby et al. (2002) developed a model of flow, sediment transport, grain-size 

sorting, and bed topography for river bends with erodible banks. The model also 

accounted for the effects of the inflow of failed bank material debris from eroding 

banks. In this investigation they have addressed this limitation by developing and 

evaluating a new model that is capable of predicting the equilibrium bed topography 

of meander bends with erodible banks. The erodibility of the outer bank is taken into 

account by combining a simple bank stability analysis (Darby and Thorne, 1996a) 

with a flow and sediment transport model (Bridge, 1992) for equilibrium meander 

bends. The model was tested via intercomparison of predicted and observed bed 

topography in one low energy specific stream power and one high-energy study reach, 

namely the River South Esk in Scotland and Goodwin Creek in Mississippi, 

respectively. Model predictions of bed topography were found to be satisfactory. 

They used the revised model in a series of sensitivity analyses that provide insight 
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into the extent to which the erodibility of outer bank materials influences equilibrium 

meander morphology and associated patterns of grain-size sorting. The results of 

these simulations suggested that variations in the cohesion of the bank material can 

significantly influence the equilibrium bed topography, though bed material grain-size 

sorting is less strongly affected. Variations in equilibrium bed topography and bed 

material grain-size were found to be most marked if the bank materials switch from 

being erodible to being entirely non-erodible. Such a case might arise if bank 

protection measures were installed along the outer bank. In such instances, the pool 

depth near the outer bank increased by around 25 per cent in relation to the equivalent 

pool depth for erodible banks. The low-energy, sand-bed appeared to be relatively 

insensitive to changes in bank erodibility. In contrast, significant changes in bed 

material size are evident, at least in localized patches, at the high-energy Goodwin 

Creek, which has mixed sand and gravel bed. They concluded that the erodibility of 

the outer bank materials has a significant role in the establishment of equilibrium bed 

topography and, depending on the energetic and sedimentary characteristics of the 

channel, potentially also in controlling patterns of grain-size sorting in bends. Finally, 

the model is used in sensitivity analyses that provide insight into the influence of bank 

erodibility on equilibrium meander morphology and associated patterns of grain-size 

sorting. The sensitivity of meander response to bank cohesion was found to increase 

as a function of the available stream power within the two study bends. 

 

Shu et al. (2012) reported that bank-collapse occurs frequently in the wide 

valley desert reach of the upper Yellow River, which leads to the formation of the 

suspended river and increasing disasters like floods. A suspended reach has formed, 

which is a great threat to the local people, even to the stability of the whole society. 
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The Chinese government has been paying a great deal of attention to settling this 

problem. They selected the Ningxia-Inner Mongolia Reach as an example to study the 

characteristics of bank-collapse disasters. Eight conservation points were established 

in accordance with bank morphology. First of all, they analyzed the changing 

characteristics of channel morphology and hydrological conditions with climate 

change. Bank-collapses occurring in flood seasons were emphasized on the basis of 

others research achievements. Furthermore, they summarized time-characteristics and 

spatial-characteristics of bank-collapse, respectively. By this research, the question 

about how serious bank-collapse disasters were in the wide valley desert reach of the 

Upper Yellow River could be settled. And some predictions about bank-collapse 

disasters can be made. They concluded that bank-collapse occurred in flood season 

and ice flood season and in autumn when irrigation was not necessary. Bank-collapse 

characteristics varied with space due to topographic variability and bank material. 

Strip collapses were common along straight channel while arc collapses occur in bent 

channel frequently because of secondary flows. 

 

Samadi et al. (2009) evaluated the extent to which uncertainties in the 

parameterization of controlling factors of bank stability feed through to influence the 

reliability of the resulting bank stability estimate. This was achieved by employing a 

simple model of riverbank stability with respect to planar failure (which is the most 

common type of bank stability model) in a series of sensitivity tests and Monte Carlo 

analyses to identify, for each model parameter, the range of values that induce 

significant changes in the simulated factor of safety. These identified parameter value 

ranges were compared to empirically derived parameter uncertainties to determine 

whether they are likely to confound the reliability of the resulting bank stability 
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calculations. Based on the analysis, uncertainties in estimating bank height, bank 

angle, bank material cohesion, and soil unit weight were large enough to significantly 

impact the reliability of bank stability modeling. Their results showed that parameter 

uncertainties were typically high enough that the likelihood of generating unreliable 

predictions was typically very high (>80% for predictions requiring a precision of 

<±15%). Because parameter uncertainties were derived primarily from the natural 

variability of the parameters, rather than measurement errors, much more careful 

attention should be paid to field sampling strategies, such that the parameter 

uncertainties and consequent prediction unreliabilities can be quantified more 

robustly. 

 

Das et al. (2012) identified the nature of different bank materials and related 

changes in channel characteristics by an intensive field study carried out in some 

selected parts of the River Haora. Presence of sand, silt or clay makes the difference 

in the rate of liquefaction at the base of the river bank. Bank failure leads to change in 

channel characteristics through increase in sediment input, increase in channel width, 

decrease in channel depth, formation of mid channel bar, point bar etc. Moreover, 

human intervention leads to weakening of the bank base through illegal lifting of huge 

amount of sand using pumps. This activity leads to the draining out of bank toe 

materials towards the channel, thereby weakening of the bank base. During rainy 

season with increase in river stage (bank full discharge), the bank maintains an 

equilibrium condition with the pressure of river water. As soon as water level recedes, 

the equilibrium condition breaks down and bank failure takes place. The study 

revealed that the rate of failure was high at the sites where high percentage of sand 

was present in the middle or lower portion of the bank. Ultimately channel width 
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increased and side by side changes in channel geomorphology lead to changes in 

channel cross-sectional area. Due to the presence of non-cohesive materials river banks 

were susceptible to erosion at all the sites that had been studied. 

 

Julian and Torres (2006) reported that the four flow properties controls the 

hydraulic erosion rates of cohesive riverbanks: (1) magnitude, (2) duration, (3) event 

peak and, (4) variability. The banks with low cohesion strongly depend on the 

intensity of all peak events rather than just the highest peak, moderately cohesive 

banks on event peak and minimally cohesive banks on variability (number of 

discharge peaks). Darby et al. (2007) also found the maximum fluvial erosion on 

event peak. Lupi et al. (2008) concluded that the fluvial erosion is dominant during 

the flood events with single peak and the mass failure occurred during the 

multipeaked prolonged events. 

 

2.5 FLOW MODELING STUDIES IN BRAIDED RIVER 

The braided river is a typical river pattern in nature, but there is a scarcity of 

comprehensive data set describing the three-dimensional flow field in the braided 

river (Gu, Z.-lin et al., 2009). The flow characteristics in the typical braided river with 

a mid-bar between two anabranches were analyzed in a slope-adjustable flume. An 

Acoustic Doppler Velocity meter (ADV) were used to measure the velocities and 

turbulence intensities over a grid defined throughout the whole braided river region, 

including the bifurcation, two anabranches and the confluence. Two kinds of mid-bar 

braided models were used. Flow structure was symmetrical in the two anabranches. 

The flow patterns were different at the surface and at the bottom due to different 

velocities. The general flow characteristic was similar for the braided channel with 
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different width ratios. However, the separation zone near the surface in anabranch 2 

was larger than that in anabranch 1 with the decrease of width ratio. When the two 

anabranches were symmetrical, the flow direction was almost along the anabranch 

channel. However when the width ratio decreases, the flow in Anabranch 2 remains in 

the direction of upstream main channel flow and is almost not along the anabranch 

channel . The reason is that the width of Anabranch 2 is gradually close to the main 

channel width, so it is easy for water in Anabranch 2 to hold the direction of the main 

channel. Separation zone was observed in the anabranch of the model in which the 

ratio of length to maximal width of mid-bar was 3, however the separation zone was 

not found in another model in which the ratio was 5. The high turbulence occurred at 

the boundary of the separation zone and the high velocity passing flow. 

 

Miori et al. (2012) predicted the flow dynamics from the application of a 

Reynolds-averaged Navier–Stokes model to a series of bifurcation geometries with 

morphologies measured during previous flume experiments. A Y-shaped bifurcation 

formed by an upstream channel which symmetrically divided into two downstream 

branches was created with fixed banks and a mobile bed comprised of a well-sorted 

quartz sand. The topography of the bifurcations consists of either plane or bed form 

dominated beds which may or may not possess discordance between the two 

bifurcation distributaries. Numerical predictions were compared with experimental 

results to assess the ability of the numerical model to reproduce the division of flow 

into the bifurcation distributaries. When bed forms were not present, weak transversal 

fluxes characterized the upstream channel, associated with clearly distinguishable 

secondary circulation cells, although these may be under-estimated by the turbulence 

model used in the solution. In the bed form dominated case, the same hydrodynamic 
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conditions were not observed, with the bifurcation influence restricted and depth scale 

secondary circulation cells not forming. The results also demonstrated the dominant 

effect bed discordance has upon flow division between the two distributaries. Due to 

the presence of bed forms flow structures was affected by the influence of form 

roughness. Consequently, they suggested that sand-bed river bifurcations are more 

likely to have an influence that extends much further upstream and have a greater 

impact upon water distribution. This may contribute to observed morphological 

differences between sand-bedded and gravel-bedded braided river networks. 

 

Nicholas et al. (2004) simulated for at two discharges characterized by 

contrasting hydraulic conditions of overbank flows on a natural river floodplain in a 

short reach of the gravel bed River Culm, Devon, UK,. Numerical simulations were 

carried out using the FLUENT CFD code. The model solves the three-dimensional 

Navier–Stokes equations with an RNG k–ε turbulence closure. Model was 

implemented using an unstructured finite volume mesh to represent the flow domain. 

Channel roughness was treated using a wall function approach while a drag-law was 

used to represent the effects of floodplain vegetation. The model was applied in 

situations with complex boundary conditions that were specified using a two-

dimensional depth-averaged hydraulic model. Simulation results were compared with 

field measurements of three-dimensional flow velocity and turbulence obtained using 

an array of Acoustic Doppler Velocity (ADV) meters. Differences between model 

results and ADV measurements reflected small-scale local variability in field 

conditions and systematic variations in surface roughness. Morphological features 

with dimensions of 1–5 channel widths (such as abandoned channels, bank breaches, 

drainage ditches and floodplain depressions) control mechanisms of floodplain 
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inundation and planform flow structures at low discharges. At higher discharges the 

influence of these features was suppressed, and flow characteristics were increasingly 

affected by the overall geometry of the valley floor, and by features such as channel 

levees that control flow routing from the main channel to the back of the floodplain. 

 

Rodriguez et al. (2004) used two different models: a depth-averaged numerical 

code with secondary flow correction and a fully 3-D, state-of-the-art, Computational-

Fluid-Dynamics (CFD) code to simulate a natural meandering river. STREMR is a 

hydrodynamic model developed at the Waterways Experimental Station of the U.S. 

Army Corps of Engineers. It solves the depth averaged incompressible Navier-Stokes 

equations in a curvilinear grid using finite volumes. FLOW-3D, developed by Flow 

Science, Inc., solves the fully 3-D transient Navier- Stokes equations by a finite-

volume-finite-differences method in a fixed Eulerian rectangular grid. The model 

adopted in the studied case was based on the numerical integration of the conservation 

equations for momentum and mass, in the following form (again, in Cartesian 

coordinates): Models predictions were compared to high-quality 3-D velocity data 

collected in a highly sinuous reach of the Embarras River in Central Illinois, showed a 

successful simulation of the main flow features. 

 

Al-Kizwini et al. (2011) used the three-dimensional numerical computational 

fluid dynamics “CFD” computer program "SSIIM" to predict the flow field 

downstream the Kuffa Barrage. It solved the Reynolds-Averaged Navier–Stokes 

equations in three dimensions to compute the water flow and used the finite-volume 

method as the discretization scheme. The model was based on a three dimensional, 

non-orthogonal, structured grid with a non-staggered variable placement. The 
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comparison between field measurements and numerical results were considered to 

make the correct decision in this model. The results showed that the maximum 

velocities were inclined from the river center. The determination coefficients for 

distribution of velocities ranged from 0.94 to 0.96. 

 

Karmakar and Dutta (2016) used the two dimensional depth averaged 

numerical model (i.e., MIKE 21C) to predict the morphological changes for a 12-km 

long braided reach of Brahmaputra, India. MIKE 21C uses the depth integrated 

shallow water equations.  The equations are discretized in a curvilinear grid system 

which allow the accurate incorporation of the complex river planform. Three-

dimensional (3D) behavior is obtained by introducing secondary current flow in a 

river bend or in a flow around an island. They identified the thalweg line by using the 

Near Infra-Red (NIR) band of the landsat images of 2008. The predicted thalweg shift 

using numerical model agreed well with observed changes obtained from satellite 

imagery. 

 

The review of the flow modeling studies indicate that three dimensional model 

estimates the flow variables more accurately than the two dimensional model. But it 

needs more computational resources to simulate the flow. SSIIM is the only three 

dimensional flow and morphological model which is open source and freely available 

but crashes due to bugs and difficult to use. Whereas, the CCHE2D model is also 

available to download free and easy to prepare the input data required by the model. 

Therefore, CCHE2D model was used due to limited computational resources. 
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2.6 MODEL FOR PREDICTION OF RIVER BANK EROSION RATE  

A method to calculate the rate and amount of lateral erosion of cohesive bank 

material was developed during laboratory work at Waterways Experiment Station, at 

Vicksburg, Mississipi. In the method it was described that erosion starts when critical 

shear stress (𝜏c) is less than equal to average shear stress (𝜏). In this procedure critical 

shear stress, estimated, is based on distilled water as the eroding fluid. Osman and 

Thorne (1988) developed the riverbank stability relation that can be used to predict 

the critical bank height, width of failure block and volume of failure mass per unit 

channel length. Partheniades (1965) found that the erosion rates are strongly 

dependent on the bed shear stress. The developed relationship assumes that the 

amount of hydraulic erosion is a function of the magnitude (i.e., total amount) of 

excess shear stress (𝜏𝑎 − 𝜏𝑐) (𝐸𝑞. 2.1).  This model is most commonly used to predict 

hydraulic erosion rates of cohesive riverbanks (e.g., Osman and Thorne, 1988; Darby 

and Thorne, 1996; Langendoen and Hanson and Simon, 2001). Following is the 

equation of bank erosion rate developed by Partheniades (1965). 

 

𝐸 = 𝑘(𝜏𝑎 − 𝜏𝑐)𝑎              (2.1) 

where  

E is lateral erosion rate 

k is an erodibility coefficient,  

𝜏𝑎 is applied shear stress by flow, and 

𝜏𝑐 is critical stress 

This equation, which was developed by Partheniades (1965), assumes that the amount 

of hydraulic erosion is a function of the magnitude (i.e., total amount) of excess shear 

stress (𝜏𝑎 − 𝜏𝑐). 
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Erodibility coefficient catches the geotechnical bank erosion process whose 

value is determined by calibration. The approach is simple but it requires the 

calculations of erodibility parameters and boundary shear stress from the field 

observations for accurate estimation of river bank erosion. These are all highly 

variable, helping to explain why observed rates of fluvial erosion range over several 

orders of magnitude (Hooke, 1980). Consequently fluvial erosion predictions depends 

on how the these parameter values are estimated accurately. However, there are no 

theoretical or empirical methods to determine erodibility coefficient for granular 

sediments. Theoretical determination of critical shear stress for cohesive materials is 

even more complex, given that it is widely recognized that it depends on several 

factors, including (amongst others) clay and organic content, and the composition of 

interstitial fluids (Arulanandan et al., 1980; Grissinger, 1982). However, recent 

studies have deployed in situ jet-testing devices (e.g., Hanson, 1990; Hanson and 

Simon, 2001) to obtain direct measurements of both bank erodibility parameters (e.g., 

Dapporto, 2001). 

 

Wolman (1959) analyzed the bank erosion rate with the flood events during 

the winter and summer months. He found that maximum bank erosion occurred 

during winter months. Winter storms, while not as intense as summer storms, were 

longer in duration thereby allowing flows to wear away thoroughly wetted banks. 

Maximum erosion resulted when high flows attacks the banks already thoroughly 

wetted. The rapid rise in stage during the summer is not sufficient to thoroughly wet 

the banks. Wolman thus concluded that moderate, long duration storm-flow events 

cause the most erosion rather than high, short duration flows. 
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Knighton (1973) found similar results as Wolman (1959), but added that flow 

variability (number of discharge peaks) also affects bank erosion. Knighton inferred 

that in addition to their longer durations, winter storm-flow events caused a much 

greater amount of erosion because of their multiple peaks as compared to summer 

storm-flow events which had single peaks. Although Wolman (1959) and Knighton 

(1973) also indicate the frost action, including freeze–thaw, comminute surface 

material and affecting hydraulic erosion rates. 

 

Knighton (1974) stated that the rate of change in bank width, principally a 

function of discharge, increases downstream for cohesive river banks. But at a 

particular section the formation of sand bars and central-island provides the means 

whereby the stream can increase its rate of change of width. These conditions are 

subject to marked bank erosion. The concentrated deposition of non-cohesive 

sediments is the only means whereby the stream could increase the width. 

 

Hooke (1979) showed that at sites where hydraulic processes were dominant 

over subaerial processes, the variable with the strongest correlation to bank erosion 

was event peak discharge. Despite the variance (r
2 

= 60.46) in these correlations, 

Hooke’s results presented yet another control on hydraulic erosion. 

 

Arulanandan et al (1980) developed the relationship between critical shear 

stress and the erosion rate for undisturbed and remolded samples. They found that the 

soils with low critical shear stress have high erosion rates and vice versa. From these 

they concluded that but knowing the value of any of these parameters the second can 

be calculated. They also checked the influence of salt concentration in water on 
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erosion rate and found that the increase in salt concentration reduces the erosion rate 

due to increase in critical shear stress. 

 

Julian and Toress (2006) summarized the factors that results the bank erosion 

from the previous studies and concluded that four possible flow properties emerged as 

controls on hydraulic erosion rates of cohesive riverbanks: magnitude (Arulanandan et 

al., 1980), duration (Wolman, 1959; Knighton, 1973), event peak (Hooke, 1979), and 

variability (Knighton,1973).  The erosion measurements and excess shear stress 

estimates along transects in Sand River were done to check the hydraulic erosion 

controls. The results indicated that the amount of hydraulic erosion of cohesive 

riverbanks is dictated by flow peak intensities. The banks with low 𝜏𝑐 were more 

strongly correlated to intensity of all peaks rather than just the highest peak of a flow 

event suggests that banks with low resistance are more susceptible to variation in flow 

stage. They found that event peak of excess shear stress is the best predictor of bank 

erosion for moderately cohesive banks and variability of excess shear stress is the best 

predictor for minimally cohesive banks. These observations lead us to conclude that 

hydraulic bank erosion is dictated by flow peak intensities. The excess shear stress 

from maximum Peaks of events provided the best results. 

 

2.6.1 Erodibility Coefficient and Critical Shear Stress 

The river bank stability requires that the applied stress on the bank remains 

below the erosive levels. These erosive levels are quantified by the soil critical shear 

stress. The critical shear stress is defined as the stress at which soil detachment begins 

or the conditions that initiates the soil detachment. If the critical shear stress is higher 

than the applied stress, the erosion rate is considered zero. Determination of critical 
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shear stress is also required to correctly model and understand the bank retreat 

(Owoputi and Stolte, 1995). Many researches have reported the inverse relationship 

between erodibility coefficient and critical shear stress (Thoman et al. 2008). The 

following is the review of the studies whereby critical shear stresses were estimated 

and related with the erodibility coefficient.  

 

Hanson and Simon (2001) conducted 83 submerged jet tests on cohesive 

stream beds of various streams in the loess area of the Midwestern USA and found the 

following relationship between erodibility coefficient and critical shear stress. 

    𝐾𝑑 = 2 ∗ 10−7𝜏𝑐
−0.5    (2.2) 

Where; 

𝐾𝑑 = m
3
/N.s 

𝜏𝑐 = 𝑃𝑎 

Clark and Wynn (2007) compared different methods of estimating the critical 

shear stress and erodibility coefficient with site measurements and their impact on 

stream bank erosion. The critical shear stress estimated using Shield’s diagram, soil 

percent clay, median particle size, plasticity index percent clay (Julian and Toress, 

2006). They confirmed that the critical shear stress estimated on the basis of Shield’s 

diagram may result in underestimation for fine grained soils. The bank erosion 

predictions based on the Hanson and Simon parameters were more realistic than 

predictions based on the jet test measurements or the Osman and Thorne equation, 

these calculations do not take into account the influence of bed and bank roughness on 

the applied shear stresses. Measured values of erodibility coefficient were much 

higher than those estimated by empirical equations suggested that the erodibility 

coefficient is also site specific. Erosion predictions were directly related with 
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coefficient of erodibility indicating that the stream banks with low critical shear stress 

values are largely controlled by erodibility coefficient. Reducing the excess shear 

stress (𝜏𝑎) values by 50% reduced the median erosion estimates up to 65%, indicating 

that shear stress partitioning that accounts or riparian vegetation and bed forms may 

be necessary to accurately predict stream bank erosion rates. Field validation of these 

methods over a wide range of soil types is recommended to further develop methods 

of estimating k and τc for fine-grained stream bank soils. 

 

Darby et al (2007) applied excess shear stress approach to estimate bank 

erosion at the Sieve River bank study site, which comprises a cohesive upper layer 

overlying a gravel toe. The study was restricted to see the impact of single event 

hydrograph on bank erosion. The results indicated that when bank response models 

include feedbacks between fluvial erosion, bank pore water pressure and mass 

wasting, predictions of the modes (cantilever versus slide failures), frequencies, 

magnitudes, and timings of bank erosion episodes are distinct from predictions made 

by neglecting such effects. 

 

Thoman et al. (2008) determined the critical shear stress by using submerged 

jet device and correlated the cohesive soil properties to critical shear stress. They 

found the following multiple linear regression model to predict the critical shear stress 

by applying the jet testing device at 25 sites in the Powder River Basin of Wyoming. 

 

𝜏𝑐 = 77.28 + 2.20 (𝐴𝑐𝑡) + 0.26(𝐷𝑅) + 13.49 (𝑆𝐺) − 6.40 (𝑝𝐻) + 0.12𝑤      (2.3) 

Where 

𝐴𝑐𝑡 = activity which is estimated as the ratio of Plasticity Index (PI) divided by the 

clay contents in the soil. 



37 
 

𝐷𝑅 = Dispersion Ratio 

𝑆𝐺 = Specific Gravity 

𝑤 = water content in the soil 

 

They found the inverse relationship between erodibility coefficient and critical 

shear stress (eq. 2.4) as found by other researchers (Arunlanandan et al. 1980; Hanson 

and Simon, 2001; and Simon and Thomas, 2002; Wynn, 2004). They suggested that 

the derived relationship can be used to predict the critical shear stress. They also 

found the following relationship between erodibility coefficient and critical shear 

stress for the Powder River Basin of Wyoming. 

𝐾𝑑 = 1.11𝜏𝑐
−0.37     (2.4) 

 

2.6.2 Numerical Model Results Coupling For River Bank Erosion Estimations 

Hasegawa (1989) predicted the bank erosion rate using the excess velocity 

which was defined as the difference between near-bank and centerline depth-averaged 

flow velocity. Recently, Darby and Thorne (1996), Nagata et al. (2000), Duan et al. 

(2001), Darby et al. (2002), Olsen (2003), Jang and Shimizu (2005), Evangelista et al. 

(2015) and Lai et al. (2015) have used hydrodynamic models with bank erosion 

models. Evangelista et al. (2015) developed an algorithm capable of simulating bank 

collapse mechanism based on the limiting slope of each cell. Lai et al. (2015) coupled 

the Bank Stability and Toe Erosion Model (BSTEM) with a two dimensional (SRH 

2D) model to predict the river bank erosion. On the other hand BSTEM uses the 

Hanson and Simon (2001) approach to estimate the erodibility coefficient which in 

turn is used to estimate the bank erosion. Darby and Thorne (1996) predicted the 

channel widening by coupling bank stability with flow and sediment transport 
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algorithms. They used a probabilistic approach to estimate the longitudinal extent of 

bank failures. Their model is applicable to non-cohesive sand-bed channels with 

cohesive bank materials. 

 

Mosselman (1998) coupled the bank erosion with a two dimensional depth 

averaged mathematical model. The bank erosion model coupled with flow model 

were used to calculate the erosion and migration of banks from the flow field. He 

assigned uniform values to determine the bank erodibility by trial and error during 

calibration. He suggested that it would have been easy to use locally different values 

for the bank erodibility parameters to obtain perfect agreement, but such a calibration 

would be misleading. He suggested that it is more useful to identify the causes of the 

deviations and to formulate recommendations to improve the predictive capabilities of 

the model. 

 

Both Nagata et al. (2000) and Jang and Shimizu (2005) applied the empirical 

approach by Hasegawa (1984) to predict bank erosion processes which considers the 

occurrence of bank erosion when the cross-sectional gradient of the bank slope 

becomes steeper than the submerged angle of repose of the bank material.  

 

Darby et al. (2002) developed a numerical model to predict the bed 

topography for channels with erodible cohesive banks. They used the two dimensional 

flow and sediment transport model of Bridge (1992), which is not a fully coupled, and 

bank stability analysis of Darby and Thorne (1996) that defines the factor of safety 

which is the ratio of resisting and deriving forces acting on failure block. The 

hydrodynamic model under predicted the flow depths due to some limitations. Their 
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model was shown to be capable of simulating the deposition of failed bank material 

debris at the toe of the bank and its subsequent removal. A computer program of the 

developed model is also available at internet (http://www.geog.soton.ac.uk/ 

research/bedtopo). 

 

Darby et al. (2007) used the fully coupled approach that accounts for hydraulic 

erosion, finite element seepage and stability analysis to for prediction of bank erosion 

at the Sieve River bank study site, which comprises a cohesive upper layer overlying 

a gravel toe. They applied excess shear stress approach to estimate fluvial bank 

erosion, Thorne and Tovey (1981) analysis for river bank stability and two 

dimensional seepage analysis model (SEEP/W) for pore water pressure. The study 

was restricted to see the impact of a single event hydrograph and for a single site on 

bank erosion. They found that the fluvial erosion effects bank stability indirectly. The 

results indicated that when bank response models include feedbacks between fluvial 

erosion, bank pore water pressure and mass wasting, predictions of the modes 

(cantilever versus slide failures), frequencies, magnitudes, and timings of bank 

erosion episodes are distinct from predictions made by neglecting such effects. 

 

Ercan and Younis (2009) successfully predicted the bank erosion and 

determined influence of groynes on flow and for a reach of Sacramento River using 

the excess shear stress approach and numerical model, respectively. The flows were 

simulated using three dimensional Navier-Stokes equation and compared with two 

dimensional depth-averaged flow equation. They used Hanson and Simon approach 

for determination of erodibility coefficient. The groynes configuration was found 

http://www.geog.soton.ac.uk/%20research/bedtopo
http://www.geog.soton.ac.uk/%20research/bedtopo
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effective in reducing the bank erosion. The maximum erosion rates were predicted 5.6 

m/ year and 4.7 m/ year for no-groyne and four-groyne case, respectively. 

 

Recently, Darby et al. (2010) used the novel techniques to predict the bank 

erosion using excess shear stress approach. Firstly, they estimated skin drag 

component of the shear stress responsible for bank erosion bank shear stress using  

Kean and Smith’s (2006a, 2006b) method. Secondly, they determined the erodibility 

coefficient directly from the Cohesive Strength meter (CSM). Therefore, no 

calibration was required for the estimated bank erosion. The model didn’t consider the 

mass wasting phenomenon of bank erosion. Because of the view, the bank erosion 

occurs at a rate controlled by hydraulic bank erosion. 

 

Moreover, the bank erosion models such as Bank Stability and Toe Erosion 

Model (BSTEM) and CONCEPT also uses the Hanson and Simon (2001) relationship 

to estimate bank erosion. 

 

Van de Weil et al. (2016) has a very comprehensively discussed the strength, 

weaknesses and scope of the different types of models (e.g. conceptual, empirical/ 

statistical, analytical, numerical and GIS-based) for geomorphological changes in 

rivers. The review may help potential users for the selection of different available 

modelling approaches. 

 

For this study, two dimensional numerical model (CCHE2D) was selected to 

estimate the near bank shear stress and the results were used with excess shear stress 

approach to predict the river bank erosion. Because, the selected excess shear stress 
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approach is widely used in the well-known bank erosion models and many researchers 

have found this a good approach for the prediction of river bank erosion. Moreover, 

the approach is simple and have a very less data requirement due to the inclusion of 

erodibility coefficient which furnishes all the bank parameters causing the river banks 

to erode. Erodibility coefficient in turn may be estimated by Hanson and Simon 

approach and requires the measured bank erosion values for calibration which can be 

calculated from the available satellite images. 
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Chapter III 

STUDY AREA DESCRIPTION 

 

 

 

 

This chapter describes the description of the Chenab River catchment area at 

Marala Barrage, length of different reaches, important tributaries entering into the 

main river, canals off-taking from the Marala Barrage, hydrology and the 

infrastructure on the river in upper catchment and in the plain areas. As a part of the 

study, catchment was delineated at Marala Barrage by using the Digital Elevation 

Model of Shuttle Radar Topographic mission (SRTM). 

 

3.1 RIVER CHENAB 

River Chenab is one of the largest rivers of Indus Basin Irrigation System. The 

River Chenab originates from Himachal Pradesh, India and discharges its flows into 

River Indus near Sarki village, about 35 km upstream of Mithankot after traversing 

the length of about 1240 km. In the upper reach, the river first flows in the north-

westerly direction till Benswar then it takes a sharp turn to the south and continues its 

way in the westerly direction till Salal dam. The Chenab River turns out into the 

plains at Akhnoor about 34 km from the line of control between India and Pakistan. 

After that it flows into south westerly direction till its confluence with River Indus 

(Bhatti, 2011).  

 

Two dams on River Chenab, namely Baglihar and Salal dam, have been 

completed in Indian held Kashmir. Salal dam is located about 73 km upstream of 

Marala Barrage at Dhyangarh with a total installed capacity of 690 MW. There is 

little effect on river flows due to its limited live storage capacity. Baglihar dam is 
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located upstream of Salal dam commissioned in the year 2008 to produce 450 MW 

hydropower. 

 

 

In Pakistan, Marala Barage is the first major infrastructure on River Chenab 

after traversing through Kashmir. It is located about 16 km from the foothills of the 

Pir Punjal range and 23 km towards northeast from the Sialkot city. Its total design 

capacity to pass the flood is 31150 m
3
/s (1100, 000 cfs). The other barrages on the 

River Chenab are Khanki, Qadirabad and Trimmu.  Khanki Barrage is located about 

40 km downstream of Marala Barrage. A number of smaller tributaries (i.e. Halsi, 

Bhimber, Palkhu and Aik) join the river between Marala and Khanki barrages. Now 

new Khanki Barrage is being constructed just downstream of the old barrage having 

the design capacity of 31150 m
3
/s (1100, 000 cfs). The old Khanki Headwork had a 

discharge capacity of 22654 (͌ 800000 cfs). Qadirabad Barrage is located about 30 km 

downstream of the Khanki Headworks and the river reach is confined by marginal 

bunds on both sides. Trimmu Barrage is located about 292 km downstream of the 

Marala Barrage and 3 km downstream from the confluence with the Jhelum River. 

 

 

From Marala barrage to the confluence with River Indus, the River Chenab 

traverses through Punjab province for another 576 km. A number of smaller 

tributaries i.e. Halsi, Bhimber, Palkhu and Aik join the river between Marala and 

Khanki Barrages, draining a total area of 3437 km
2

. A layout of the River Chenab 

basin is presented in Figure 3.1. 
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3.2 CATCHMENT AND HYDROLOGY 

The catchment area of River Chenab at Marala barrage is about 32,670 km
2
. In 

high-altitude catchments (Indus and Chenab), snowmelt contributes significantly to 

flood flows. The catchment area experiences the snow fall at higher altitudes during 

winter season. At Akhnoor, the snow covered area of the Chenab River, on average, 

varies from 24% in Sep. /Oct. to 70% in March/ April (Singh et al., 1997). The 

elevation ranges from 243 m at Marala to 7103 m in upper catchment areas, which 

indicates that the flows from the catchment are dependent on mixed glacial, seasonal 

snowmelt and monsoon rainfall. Maximum snowmelt in the Chenab basin is 

experienced in July and floods of high magnitude are generated due to monsoon 

rainfalls. In the upper catchment area, the Chenab River traverses through the Pir 

Punjal range of mountains. The lead time between rainfall in the upper catchment (i.e. 

the catchment between Benswar and Marala) and the occurrence of the flood at 

Marala ranges from 14 to 20 hours, where the shorter period refers to the higher 

floods. The travel time from Salal dam to Marala ranges from 9 hours for extreme 

floods to 17 hours for medium floods. 

 

Table 3.1 Observed wave travel and lead times in River Chenab 

Location Chainage 

(km) 

Travel Time from 

Marala Barrage 

(hrs) 

Potential Lead 

time 

(days) 

Marala barrage 0 0 1.5 

Alexandria bridge 40 8-9 1.9 

Khanki barrage 56 10-13 2 

Qadirabad barrage 85 18-20 2.5 

Jhelum confluence 292 91-96 5.5 

Indus confluence 576 202-212 10 

Source: Bhatti, 2011 
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3.3 HISTORICAL FLOWS 

Annual Peak discharge data shows that the Marala Barrage has experienced 

high and exceptionally high floods because of the lack of any controlling structure on 

the river. The large flows are induced by combination of rainfall and snowmelt (Tariq 

and Giesen, 2012). The maximum peak flood of 23930 m
3
/s (845090 cfs) was 

recorded on September 10, 1992.  The major flows occurred during summer season 

(April-September) which are about 82%, on average, of the total flows (Bhatti, 2011). 

The mean annual water yield analyzed at upstream of Marala barrage for the period 

from 1997 to 2011 is 29 Billion Cubic Meter (BCM) as estimated for the period 1997-

2011 (Ashraf et al., 2015). The discharge of the river is influenced by two major 

tributaries (i.e. Manawar Tawi and Jammu Tawi) that join the Chenab River just 

upstream of the Marala barrage. Jammu Tawi is a flashy stream which brings a large 

volume of sediment in its flows and joins the river on the same side from which the 

canals off-take (Fig. 3.1). 

 

3.4 MARALA BARRAGE AND CANAL SYSTEM 

Marala Barrage was constructed on the Chenab River in 1968 as a replacement 

of old Marala weir, which was constructed in 1912. The new barrage was constructed 

about 344 m (1130 feet) downstream of the old weir. The total design capacity of the 

barrage to pass the flood is 31149 m
3
/s (1100000 cfs). The discharge capacity of the 

left pocket was enhanced to accommodate a huge canal diversion of 1100 m
3
/s. At 

Marala barrage, two canals, i.e. Marala Ravi Link Canal (MRLC) and Upper Chenab 

Canal (UCC) off-take from left undersluice section of the barrage. The full supply 

discharges for MRLC and UCC are 623 and 467 m
3
/s, respectively. UCC trifurcates at 

Banbanwala, into Banbanwala Ravi Bedian Depalpur Link Canal (BRBDC), Nokhar 

Branch Canal and Main Line Lower (UCC). It transfers 212 m
3
/s to river Ravi 

upstream of Balloki Barrage) (Shakir and Maqbool, 2011). Whereas, MRLC feeds the 

River Ravi upstream of Ravi Syphon. 
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3.5 SELECTED RIVER REACH 

The Chenab River is one of the major tributary of the Indus River System. 

Down stream of Marala Barrage; the river width varies from 700 to 1400 m whereas 

the flood plain is about ten times wider compare with the river. Marala Barrage is the 

rim station at River Chenab and is, therefore of paramount importance in all the water 

regulatory matters. Study site is shown in Figure 3.1. 

 

Flows into the Upper Chenab Canal (UCC) and Marala Ravi Link Canal 

(MRLC) are diverted from Marala Barrage across the Chenab River. The River 

Chenab is one of the major tributary of the Indus River System. Marala Barrage is 

located near the city of Sialkot at latitude 32°67'33"N and longitude 74°46'36"E. The 

discharge of the river is influenced by two major tributaries (i.e. Manawar Tawi, and 

Jammu Tawi) that join the Chenab River just upstream of the Marala barrage. Jammu 

Tawi is a flashy stream which brings a large volume of sediment in its flows and joins 

the river on the same side from which the canal off-takes (Fig 3.1).  

 

The full supply discharge capacity of  Marala Ravi Link and Upper Chenab 

canals is 622 m
3
/s and 477 m

3
/s, respectively (Bhatti and Latif, 2011). The average 

sediment transport capacity of these canals is 199 mg/l and 356 mg/l, respectively 

(Shakir and Khan, 2009). However during the study period (1997 to 2011) mean daily 

sediment concentration in both canals is 502 mg/l and 451 mg/l, respectively. This 

indicates that both MRLC and UCC receive more sediments than their transporting 

capacities and are causing bed aggradations. In the past, several studies (Chohan, 

1985; IRI, 1988; Shakir and Khan, 2009) were conducted to investigate the 

sedimentation issues in MRLC and a number of options were suggested to control 

sediment entry into the canal. The proposed options include structural measures like 

remodeling of the head regulator of MRLC and shifting the confluence point of 

upstream tributary of the river.  
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The River Chenab is one of the major tributaries of the River Indus, fed by the 

snowmelt and monsoon rainfalls drained by the area of about 32670 km
2 

above 

Marala Barrage in Pakistan. The mean water yield of the river as taken from the 

Federal Flood Commission (FFC) annual report of 2008 is 25.17 BCM (Tariq and 

Giesen, 2012). Chenab River enters Pakistan just upstream of Marala Barrage after 

flowing through Kashmir. In Pakistan, the total course length of the river up to its 

confluence with the River Jhelum is about 292 km (Bhatti and Latif, 2011). The mean 

annual discharge of the River Chenab remained 918 m
3
/s varying roughly from 126 

m
3
/s to 8093 m

3
/s at upstream of Marala Barrage for the period of 2005-2011, 

covering a wide range of flows able to induce morphological changes. In this study, 

the analysis was focused on a river reach starting immediately downstream of the 

Marala Barrage (Fig. 3.1). The selected river reach is about 7 km long with an average 

width of 3.5 km and lies at elevation of 240 m above mean sea level. The morphology 

is braided with two branches (i.e. main active branch channel on the right side and 

secondary branch channel on left side), large semistable islands (locally known as 

bela) and few unstable sand bars (Fig.3.1A and B). In most of the occasion branching 

of the braided river can be grouped into main and subsidiary channels (Dey, 2014). 

We measured the lateral shift of the branches flowing along the banks and the erosion 

of external banks. The largest bela length is about 4.5 km with an average width of 

1.5 km. The bed sediment ranges from fine to medium sand in the main river channels 

(d50 of about 0.08 mm) whereas the small islands range from silt to fine sand (d50 of 

about 0.05 mm). The mean bed slope is 0.2 percent. The external river banks have a 

double layer formation with fine sand having 26% silt and clay in the lower part, and 

silt and clay in the upper part (Fig.3.1C). Therefore, the banks are highly susceptible 

to erosion and cause widening of the river sections. The average bank height was 

measured to be about 5 m. River becomes heavily loaded with the suspended 

sediments due to erosion from the catchment areas and river banks during high flows 
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(e.g. the river flow at Alexandria bridge, located around 40 km downstream of Marala 

Barrage, carries about 22.1 Million tones/y (SWHP reports). 

 

 

 

Figure 3.1 Map of the study site showing Marala barrage, river training works and 

off-taking canals 
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Chapter IV 

MATERIALS AND METHODS 
 

 

This chapter describes the data collection from the different locations in the 

study reach and other secondary sources, analysis of the sediment load computation, 

effective discharge computation, sediment yield estimation, the analysis of images for 

development of relationship between bank erosion and the river flows, hydrodynamic 

modelling and coupling the results obtained from model to excess shear stress 

approach to estimate river bank erosion. As a part of the study, field sediment 

sampling was carried out from the braided bars and river banks to prepare the 

gradation curve and find median particle sizes for estimation of critical shear stresses 

and bed roughness coefficients. Also the Global Positioning System (GPS) was used 

to identify the bank and sediment sampling and the protection works locations on 

images. 

 

4.1 DISCHARGE DATA COLLECTION 

The discharge data of Marala Barrage, MRLC and UCC are regularly recorded 

by Irrigation Department, normally at a 6 hours interval. The discharge for the barrage 

and canal gates is calculated from the tables and rating curves already developed for 

this purpose. Gauges are also installed on upstream and downstream of the barrage 

and canals. The WAPDA telemetry system is also installed at barrage and Shampur 

Spur that automatically records the river water levels. This system is basically 

installed for flood warnings. In addition, discharge in the upstream tributaries of the 

River Chenab (Jammu Tawi and Manawar Tawi) is also recorded on a 6-hourly basis. 

However, no sediment sampling facility is available at these tributaries. In this study, 
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daily average values of discharge and sediment data were utilized for detailed 

analysis. 

 

 

4.2 DISCHARGE DATA ANALYSIS 

The mean daily flows data were used to prepare discharge hydrograph for the 

period from 2005 to 2011. From the hydrograph, 11 flood events were selected for 

detailed analysis out of which four flood events occurred during the low flow (LF) 

season (i.e. two individual and two consecutive) and the remaining seven flood events 

occurred during the high flow (HF) or Monsoon season (i.e. one individual and six 

consecutive) (Fig. 4.1).  

 

 

Figure 4.1 Daily recorded discharge and gauge data downstream from the Marala 

Barrage (2005-2011). Vertical arrows indicates the selected peak 

discharge/events location on the hydrograph between the acquired 

images (reported on the plot). 

 

Table 4.1 reports the water level and discharge values at the time of 

occurrence of the selected flood events as well as when the satellite images were 
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acquired. The selection basis for the flood events was a discharge threshold or erosive 

discharge. Initially an arbitrary erosive discharge value was set based on engineering 

judgment (i.e. only those flood events having magnitude greater than 2835 m
3
/s) were 

considered for analysis of river bank erosion and channel evolution. Precise values of 

erosive discharge (under different conditions) are calculated through images and flow 

analysis. The flood events are termed as HF1 to HF7 for high flow season and LF8 to 

LF11 for low flow season (Table 4.1). 

 

Table 4.1    Details of selected flood events and their corresponding Landsat images. 

 

 

4.3 SEDIMENT DATA COLLECTION 

Sediment data of river banks and the sand bars was collected during the field 

visit in April, 2011. The bed material and suspended sediments of river was collected 

from Irrigation department, Punjab and International Sediment Research Institute 

Pakistan (ISRIP) of Water and Power Development Authority (WAPDA) reports. 

Flood 

event ID

Raster 

image 

ID

Landsat 

Images 

date

Water 

Level 

(m)

Discharge 

during the 

image 

acquisition 

(m
3
/s)

No. of 

Events 

between the 

consecutive 

images

Maximum 

Flood 

magnitude 

(m
3
/s)

Peak 

Water 

Level 

(m)

Flood 

event 

Date

2005172 21-Jun-05 244.2 1041

2005236 24-Aug-05 243.8 971

HF2 2006047 16-Feb-06 243.3 99 6256 245.3 5-Aug-06

HF3 2006271 28-Sep-06 243.4 142 5902 245.5 4-Sep-06

HF4 2010178 27-Jun-10 244.0 949 5288 245.5 28-Jul-10

HF5 2010282 9-Oct-10 243.1 153 5028 245.3 7-Aug-10

HF6 2011069 10-Mar-11 243.4 269 3055 245.1 13-Aug-11

HF7 20111129 29-Nov-11 242.2 57 3198 244.9 17-Sep-11

2005028 28-Jan-05 243.5 406

2005140 20-May-05 243.5 273

LF2 2007307 7-Mar-07 243.4 180 5758 245.0 13-Mar-07

LF3 2007424 24-Apr-07 244.1 627 5104 245.4 21-Mar-07

2010034 3-Feb-10 242.7 0

2010058 27-Feb-10 243.1 104

2

1 7945 246.0 8-Jul-05

2

2

2

Flood events during low flow (LF) season

LF1

LF4

HF1

Flood events during high flow (HF) season

1 2881 244.4 9-Feb-10

1 3437 244.8 22-Mar-05
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4.3.1 Suspended Sediment Data Collection 

Figure 4.2 shows the ISRIP data collected by using the suspended sediment 

samplers DH-48 and D-49 during different flow conditions (Appendix A). Suspended 

sediment concentration is determined from water samples collected using sediment 

samplers designed to collect water without disturbing the flow. The samplers are 

generally of two types, the depth-integrated and the point-integrated. But the data was 

collected by using depth integrated approach. The depth-integrated sampler collects 

the water, continuously while the sampler is moved at a uniform rate in a vertical 

section, from the surface to the bottom and back. The samples were analyzed either 

for total concentration by drying and weighing, or for particle size distribution by use 

of bottom withdrawal or visual accumulation tubes, pipettes and sieves using distilled 

water as settling media. 

 

Figure 4.2 Flows and sediment concentration at Alexandria Bridge 

 

Sediment samples from the each bay of the canal head regulators are collected 

with 12 h interval. These samples are then analyzed for sediment concentration and 
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sediment sizes. The sediment data of the canals are measured only during the high 

flow months (i.e. April to September) because negligible sediments are carried during 

the remaining low flow months. 

 

4.3.2 River Bed Material and Bank Sediments 

River bed sediment sampling is necessary to analyze the proportion of 

sediment types and sizes e.g., D50 (sediment particle size for which 50% of the 

sediment mixture is finer). The different bed material sediment sizes are used to 

estimate the type of bed forms and sediment discharge estimation for bed load 

computations. Sediment samples of the sand bars and river high banks were taken 

from the different locations during the visit in April, 2011. During 1996-97, river 

bathymetry, discharge, velocities and bed and suspended load samples were collected 

for Marala Ravi Link Canal restoration and improvement project by International 

Sedimentation Research Institute (ISRIP), Pakistan. Total sediment load is calculated 

for MRLC and UCC twice in a day. The details of the data collection and analysis of 

the collected samples is discussed in the following paragraph. 

 

The sediment data from sand bars were collected to analyze the different 

sediment sizes. The data collected from the field was then analyzed for sediment sizes 

by using the sieve analysis apparatus in the soil laboratory of Centre of Excellence in 

Water Resources Engineering, University of Engineering and Technology Lahore. 

Figures 4.3 to 4.7 shows the view of semi-stable island, external high bank along the 

river and tension crack in the bank. 
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Figure 4.3 View of Central semi-stable island in the middle of River Chenab 

(looking upstream) 

 

 

Figure 4.4 View of semi-stable island in the middle of River Chenab (looking 

downstream) 

Marala Barrage Left under 

sluice section bays 



55 
 

 

Figure 4.5 Upstream view of river bank (Right side) 

 

 

Figure 4.6 Tension crack in river bank 
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Figure 4.7 Spur on right bank at 2.5 km downstream of barrage near Behlolpur 

village 

 

4.4 SEDIMENT DATA ANALYSIS 

Bed material and bank sediments samples were used for preparation of 

gradation curves and calculation of median particle size (D50). Suspended sediment 

data were analyzed for the sediment load computation and estimation of effective 

discharge class. Firstly, the rating curves of the suspended sediment data were 

prepared from the sediment data of the canals and the river discharges. The 

parameters of the rating equation for different periods were used to estimate the 

missing data of sediment concentration. Sediment load computation for three different 

periods were analyzed to estimate temporal changes in annual sediment load. 

Computation for identification the effective discharge class provides total sediment 

load in different flow classes. 
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4.4.1 Sediment gradation curves 

Sediment gradation curves of the collected sediment samples were analyzed 

for different soil classifications. The USDA soil classification sizes were used to 

identify the sediment types (Table 4.2). The following table describes the sizes of 

different soil types. 

 

Table 4.2 Soil sizes based on USDA soil classification 

Soil Type Size in mm 

Gravel >2 

very coarse sand 2 to 1 

Coarse sand 1-0.5 

Medium sand 0.5-0.25 

Fine sand 0.25-0.1 

very fine sand 0.1-0.05 

Silt  0.05-0.002 

 Clay <0.002 

 

Source: Das, M.B. (2008) Advanced Soil Mechanics 

 

The sediment sizes for sand bars ranges from very fine sand to coarse sand and 

the D50 for ranges from 0.28 to 0.38 mm. the sediment sizes for the bank material 

collected from near the toe of the bank ranges from very fine sand to medium sand 

with D50  of 0.23 (Figures 4.7 & 4.8). The sediment sizes for the river bed material 

ranges from fine to coarse sand with D50 from 0.13 mm to 0.50 mm (Figure 4.9). 
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Figure 4.8 Gradation curve of the sand bars and channel edge sediments  

 

 

Figure 4.9 Gradation curve of the bank material 
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Figure 4.10 Gradation curve of the river bed material 

 

4.4.2 Sediment Load Computation 

Sediment load may be estimated by using the sediment rating curve and the 

available continuous discharge data or by using the continuous record approach. A 

sediment rating curve (SRC) is an empirical relationship between suspended sediment 

concentration, C (mg/l) and the associated water discharge Q (m
3
/s), in the form of a 

power function (equation 4.1): 

𝐶 = 𝑎𝑄𝑏       (4.1) 

where 𝑎 is a dimensional coefficient and 𝑏 is a dimensionless exponent. Using the 

established SRC and the available continuous discharge data (usually mean daily 

discharges), sediment load for a given time period (usually 1 year or longer) may be 

calculated by summing the estimated daily loads (e.g., Crowder et al., 2007; Quilbe et 

al., 2006; Walling and Webb, 1988). However, the complex dynamics of suspended 

sediment transport often lead to poor fitting of Eq. (4.1) to measured sediment data. In 
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addition to various correction methods described in Gao (2008), the SRC method has 

also been modified by (i) creating SRCs for rising and falling limbs of events, 

respectively or for different seasons (e.g., Asselman, 2000; Old et al., 2005; Picouet et 

al., 2001; Rovira and Batalla, 2006; Sadeghi et al., 2008b), (ii) establishing an event-

based load rating curve first and converting it into an equation for total load (e.g., 

Moliere et al., 2004), (iii) using polynomial or more complex functions (e.g., Cordova 

and Gonzalez, 1997; Horowitz, 2003; Rustomji and Wilkinson, 2008; Wang and 

Linker, 2008), (iv) including an additional term (e.g., the first difference of discharge 

with time or a more complex form) to account for variations in sediment supply (e.g., 

Morehead et al., 2003), and (v) using a physically based model that includes 

discharge, time (seasonal or monthly), and stream coefficients to improve predicting 

accuracy (e.g., Toprak et al., 2009). 

 

In continuous record approach, average value of the observed data of daily 

sediment concentration (mg/ l) was multiplied by average daily discharges of the 

canals and river (in m
3
/s) as a first step. The daily sediment load was then calculated 

by multiplying the values obtained in the first step with the total time (in seconds) in a 

day. Daily sediment load was then added for the whole flowing period of the canals 

and river, providing the annual sediment load in the canals and river. Water yield for 

the river and canals was simply calculated by multiplying the discharge with the flow 

duration. For this study, sediment load was calculated by using the approach 

suggested by Tena et al. (2011), called continuous record approach. 

 

The limitation for sediment concentration in the river was the unavailability of 

the continuous data measurement. Therefore, the relationship between sediment 
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concentration in canals with the river sediment concentration was developed to 

estimate the sediment concentration wherever it was missing. The UC Canal resulted 

the better coefficient of determination “R
2”

, therefore, equation developed from the 

data was used to estimate sediment concentration in the river. Similarly, the sediment 

concentration data for the river for the closure periods (winter season) of canals were 

estimated on the equations developed for different evaluation periods. The remaining 

calculations i.e. effective discharge computations were based on the sediment data 

estimated from the above methodology. 

 

4.4.3 Effective Discharge Computation 

The discharge that transports most of the sediment load during a given period 

of time is called the effective discharge. The discharges were divided into 22 equal 

class intervals (discharge classes), each of 200 m
3
/s, to compute the effective 

discharge. The frequency (in days) corresponding to these discharge classes was 

calculated by analyzing the daily discharge records at upstream of Marala barrage. To 

calculate the total sediment load for each discharge class, the daily sediment load was 

summed up. The effective discharge was identified as the discharge class which 

transported the largest amount of sediment. 

 

4.5 RIVER PROTECTION WORKS 

In Pakistan, river banks are normally protected by stone pitching or 

constructing spurs. About 4.5 km downstream of barrage a large spur of 500 m was 

constructed near Shampur village. A spur of relatively shorter length was also 

constructed in the middle reach along the right bank for bank protection. A large spur 

is also present for the protection of left river bank about 2 km downstream of barrage. 
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However, there is no any published reference of such activities along the river banks 

of River Chenab. These observations about the protection works along the river banks 

were made during the site visit in April, 2012. On the basis of available data and 

images, the present study discussed the major causes and provides the understanding 

and information about the bank erosion in a sand bed braided river reach. 

 

4.6 MORPHOLOGICAL CHANGES DETECTION USING RS DATA 

The remote sensing data of Landsat provided the reasonable estimation of the 

changes in the river network, the bank erosion and changes in braided bars. The 

Unsupervised image classification technique proved helpful to identify the different 

features of the rivers e.g., branch channels edges and extent, sand bars and external 

banks. The bank erosion due to different flood events were identified from the images 

and related with the flows. The impact of sand bars location on river bank erosion 

were identified too, which provided the better understanding of the river bank erosion 

in braided river reach. 

 

4.6.1 Selection of Landsat Images 

A total of 14 Landsat ETM+ images were acquired for this study. For each 

event (individual or consecutive), the images were acquired in order to ensure that the 

discharge and water level before and after the event are close to each other to avoid 

any bias during the comparison of changes in river banks and channels. The available 

images during the LF and HF seasons of 2005, 2006, 2007, 2010 and 2011 were 

acquired from the USGS site and processed as explained in the section 4.6.2. The 

relationship for average and total annual bank erosion with mean annual and high 

flows were developed to check the dependency of bank erosion during different flow 
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regimes. Moreover, the relationship between bank erosion and lateral shift of branch 

channels was developed by using the measurements from the selected images. 

 

4.6.2 Analysis of Images 

The images used for the study were Enhanced Thematic Mapper plus (ETM+) 

with a 30 m resolution downloaded from the US Geological Survey (2012). The 

selected images were acquired approximately before and after each flood event in 

order to assess the changes induced by the selected events. The delineation of river 

channels, external banks lines, sand bars and the small islands was based on the image 

bands within the visible range (0.5-0.7 i.e. green and red) and NIR (0.77-0.99) ranges 

of electromagnetic spectrum. ArcGIS 10.2 software was used to estimate the river 

bank erosion and movement of channels. All the image bands were firstly combined 

by using the composite bands function. Composite bands function combines the 

different raster bands to form a multiband image. Various RGB combinations from 

the bands can be created. For the present study, the band 2 (Green), 3 (Red) and 4 

(NIR) were used to form a composite image in order to discriminate the different 

features like channels, sand bars and islands/vegetation. The composite image was 

then classified using the Iso Cluster UnSupervised classification (ICUS) within 

ArcGIS 10.2. ICUS method combines the Iso Cluster and maximum likelihood 

methods to determine the natural groupings in the series of raster images based on the 

pixel values.  

 

34 cross sections were selected at 200 m interval along the study reach. The 

distance from the reference lines to the external banks was calculated by digitizing the 

lines (as shown in Figure 4.9) to estimate the erosion due to the individual flood 
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events. Barrage axis was employed as reference for the measurements of downstream 

distances. The identification of the external banks line was difficult at some locations 

on the images. Therefore, the images were initially classified into five classes and 

then further merged into three classes: channel, island/ bela and sand bar. The 

composite image also proved helpful to locate the vegetation boundary along the 

river. Several studies have used the vegetation boundary along the river flow to 

successfully indicate the channel boundaries as discussed by Wang et al. (2014). 

Therefore, the composite images of selected bands together with the classified images 

by ICUS proved very helpful to identify different spatial features. 

 

 

Figure 4.11 Reference line and cross sections at 200 m interval for selected river 

reach 
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4.7 MODEL DEVELOPMENT FOR BANK EROSION RATE 

ESTIMATION 

 

The results of numerical model were used to estimate the bank erosion rate. 

The bank erosion rate was estimated by coupling the excess shear stress model to 

computed mean velocity using the numerical model results. For this study CCHE 

(Centre for Computational Hydrosciences and Engineering) two dimensional model 

was used to estimate the shear stress. CCHE2D is a two dimensional hydrodynamic 

and sediment transport model for unsteady open channel flows. The CCHE2D model 

is based on finite element grid system. Finite element technique offer enhanced 

flexibility in the representation of complex, irregular geometries and boundaries 

(Kresic, 2007). The water flow is computed using the depth integrated two-

dimensional equations. The governing equations (Eq.’s 4.1&4.2) for open channel 

flow, momentum equations, are written in the following form in a Cartesian 

coordinate system. 

𝜕𝑢

𝜕𝑡
 +u

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢
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𝜕𝑍

𝜕𝑦
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𝜕

𝜕𝑥
(ℎ𝜏𝑦𝑥) +

𝜕

𝜕𝑥
(ℎ𝜏𝑦𝑦)] - 

τby

𝜌ℎ
 - ƒ𝑐𝑜𝑟 𝑣 (4.3) 

Where 𝑢 and 𝑣 are the depth-integrated velocity components in the 𝑥 and 𝑦 

directions respectively; 𝑔 is the gravitational acceleration; 𝑧 is the water surface 

elevation; 𝜌 is water density; ℎ is the local water depth; ƒ𝑐𝑜𝑟  is the Coriolis parameter; 

𝜏𝑥𝑥, 𝜏𝑥𝑦, 𝜏𝑦𝑥 and 𝜏𝑦𝑦are the depth integrated Reynolds stresses; and τbx and τby are 

shear stresses on the bed and flow surfaces. Free surface elevation for flow is 

calculated by continuity equation in the following form. 

𝜕𝑍

𝜕𝑡
 + 

𝜕(ℎ𝑢)

𝜕𝑥
 + 

𝜕(ℎ𝑣)

𝜕𝑦
 = 0     (4.4) 

 The turbulence Reynold’s stresses in equation 4.2 and 4.3 are approximated 

according to Bousinesq’s assumption that they are related to main strains of depth 

averaged flow field with coefficient of eddy viscosity. 
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Shear stresses on bed can be evaluated by two approaches in the model: (1) 

depth integrated logarithmic law and, (2) by utilizing Manning’s coefficient. In first 

approach shear stresses are obtained by using the equations 4.5 & 4.6. 

𝜏𝑏𝑥 =
1

8
𝜌𝑓𝑐𝑢𝑈      (4.5) 

𝜏𝑏𝑦 =
1

8
𝜌𝑓𝑐𝑣𝑈      (4.6) 

 

Where 𝑓𝑐 Darcy Weisbach coefficient which can be obtained after the 

calculation of shear velocity (𝑢∗) (Van Rijn, 1993) and 𝑈 = √𝑢2 + 𝑣2. 

 

The second method utilizes the Manning’s coefficient to calculate shear 

stresses (Equations 4.7 & 4.8). 

𝜏𝑏𝑥 =
1

ℎ0.667 𝜌𝑔𝑛2𝑢𝑈     (4.7) 

𝜏𝑏𝑦 =
1

ℎ0.667 𝜌𝑔𝑛2𝑣𝑈     (4.8) 

 

The second approach to calculate shear stresses is recommended for practical 

applications because it is most efficient and lump the effects of bed forms, channel 

geometry, sediment size and vegetation etc. The details can be found in Jia and Wang 

(2001). The following methodology was used to estimate the excess shear stress and 

bank erosion rate calculation. 

 

4.8 METHODOLOGY FOR SIMULATION OF FLOWS USING CCHE2D  

The simulation of flows using two dimensional flow model completes in two 

steps: (1) the generation of mesh and, (2) simulation of model by defining the initial 

and boundary conditions and parameters setting. Mesh represents the computational 

domain for discretization of the flow governing equations. A good quality mesh is 

required for successful simulations. Therefore, great care and time is required to 
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prepare a good quality mesh. The model requires much time to prepare a good quality 

mesh. However, it is paid off when a good quality mesh is achieved. The boundary 

conditions are driving mechanism with which the flow in the simulated area behaves. 

Therefore, care has been taken that the boundary conditions should be as close as 

actual field conditions. The initial conditions are necessary to execute the model. The 

detail of the mesh generation, importance of good quality mesh, the criteria for the 

quantification of the mesh and the importance of the initial conditions is given in the 

following sections. 

 

CCHE2D model is an integrated package for simulation of free surface flows, 

sediment transport and morphological changes. CCHE2D package contains (1) CCHE 

Mesh Generator and, (2) CCHE-GUI (Graphical User Interface). CCHE Mesh 

Generator allows to create mesh system for CCHE2D model, while CCHE-GUI is a 

graphical user environment for CCHE2D model. Four functions can be performed in 

CCHE-GUI: (1) Preparation of initial conditions and boundary conditions, (2) 

preparation of model parameters, (3) run numerical simulation, and (4) visualization 

of model results. 

 

4.8.1 Mesh Generation 

Mesh generation is the first step for numerical modeling that required a 

topographic database or elevations. The generation of 3-Dimensional mesh requires 

the topographical data of reasonable good vertical resolution. Therefore, the survey 

conducted during 2009-10 provided the cross-sectional data of the reach. The cross 

sections were measured at 457 m (1500 ft) interval. The cross-sections of the study 

reach used to generate 3-dimensional mesh using CCHE-Mesh generator are shown in 
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Appendix C. The cross-section data covers the width of river cross-sections from left 

external river bank to the right river bank, covering the entire river width. The 

topographic database contained the measured bed elevation data or bathymetric data.  

 

The topographic data was prepared in ArcGIS to load in the numerical model. 

Cross sections were digitized at specified distance from Marala Barrage as measured 

during survey using ArcGIS software, The UTM projection system for GIS working 

was used to calculate all the values in attribute table in meters. The points on the 

surveyed cross sections lines were automatically generated by using the route tool 

available in the linear referencing tool box (Figure 4.12). In the attribute table of the 

generated shape file latitude and longitude of the points were calculated by using the 

field calculator.  

 

Figure 4.12 Topographic data and cross-sections prepared in ArcGIS 
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These extracted latitude, longitude and elevation of the points were copied to 

excel file and then in CCHE format with extension .mesh_xyz. The required file 

contains the number of rows of file and the longitude, attitude and elevation for each 

point. The generated topographic data in .mesh_xyz file was then loaded in the CCHE 

Mesh generator to visualize the points (Figure 4.13). 

 

Figure 4.13 Topographic data added in CCHE Mesh generator 

 

In CCHE Mesh generator, define the study region by digitizing the first and 

second boundary of the river reach along the external banks of the river from the 

loaded topographic data. The variation in colors of points/ topographic data base 

along with the shape files of temporary island helped in digitizing the boundaries in 

the mesh generator model (Figure 4.14). 
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Figure 4.14 Digitized domain boundaries and the island in CCHE Mesh generator 

on topographic data 

 

After digitizing the flow domain and the island in the river reach, algebraic 

mesh was generated in Generate tab by specifying the 88 lines in J direction (cross 

sections) and 44 lines in I direction (Longitudinal sections). The mesh was 

smoothened by using the different numerical mesh generation options. The TTM 

orthogonal mesh was selected for smoothening of generated mesh and the evaluated 

the mesh for different parameters. The good quality mesh effects on the results, 

therefore, it is important to generate a good quality mesh. Orthogonality and 

smoothness are the general criterion that can be used to evaluate the quality of the 

generated mesh. Several indicators, such as Maximum Deviation Orthogonality 

(MDO), Average Deviation from Orthogonality (ADO), Maximum Grid Aspect Ratio 

(MAR) and Average Aspect Ratio (AAR) can be used for a quantification of the mesh 

quality. For Orthogonality, ADO and MDO should be smaller, while for smoothness 

the AAR and MAR should be closer to 1. For this study the values given in table 4.3 

was attained.  
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Table 4.3 Evaluation parameters values of mesh 

Sr. No. Orthogonality Value 

1 Average Deviation from Orthogonality (ADO) 16.4 

2 Maximum Deviation Orthogonality (MDO), 74.5 

 Smoothness  

1 Average Aspect Ratio (AAR) 2.1 

2 Maximum Grid Aspect Ratio (MAR) 17.3 

 

 

Interpolated the bed elevations for the generated mesh to convert the two-

dimensional mesh to three-dimensional mesh (Figure 4.15). Interpolation is carried 

out based on topographic data which is imported in the CCHE-Mesh generator in 

form of point elevations. 

 

Figure 4.15 Three dimensional mesh generated from interpolation of topographic 

data 

 

 



72 
 

4.8.2 Simulation of flows using CCHE-GUI 

After generating the three dimensional mesh, the simulation of the flows was 

carried out using CCHE-GUI. Before flow simulation, flow parameters, bed 

roughness and initial and boundary conditions were assigned to the model. For flow 

simulation, input files should be processed as discussed in the following section.  

 

4.8.2.1 Initial water surface level  

The very first variable that is to be incorporated in the model is the “Initial 

Water Level”. This level is of great importance as model will not do any execution if 

the initial water level is too low as it will leave too many dry nodes. In the present 

study the initial water surface level was 245.3 m. Figure 4.16 shows the rating curves 

at downstream of the Barrage and Shampur Spur indicating the water levels at these 

two locations against discharges. 

 

 

Figure 4.16 Discharge rating curve at downstream of Marala Barrage and Shampur 

Spur 
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The inlet initial conditions were provided at upstream section based on the 

collected data for maximum discharge at downstream of the Marala Barrage. As the 

input cross-section data was surveyed before the flood season of 2010 therefore, the 

input hydrograph will have to be before the floods. In this study, two separate 

simulations were done due to limited computational power of the system. The Core i7 

system was used to simulate the flows which take about 5 days to complete the each 

simulation. The daily flow data from February 8 to July 19, 2010 and July 18 to 

August 10, 2010 were used as input hydrograph in two separate simulations (Table 

4.3). The second period of simulation was entirely based on the data collected for 

each flood events (magnitude and duration). Whereas, for the former simulation, the 

input hydrograph was based on averaged values of observed daily discharges at 

Marala Barrage. 

Table 4.4 Flood events at Marala Barrage during the year 2010. 

Sr. # Date 

Peak 

Discharge 

(Cumecs) 

Classification of 

Flood event 

A- WINTER 

1 9/2/2010 4151 Low Flood 

B- SUMMER 

1 18/7/2010 3135 Low Flood 

2 19/7/2010 4223 Low Flood 

3 20/7/2010 3745 Low Flood 

4 21/7/2010 3301 Low Flood 

5 22/7/2010 5457 Medium Flood 

6 23/7/2010 4627 Medium Flood 

7 26/7/2010 3416 Low Flood 

8 27/7/2010 5958 High Flood 

9 28/7/2010 7189 High Flood 

10 29/7/2010 5656 High Flood 

11 30/7/2010 4040 Low Flood 

12 31/7/2010 3066 Low Flood 

13 1/8/2010 4777 Medium Flood 

14 2/8/2010 3878 Low Flood 

15 3/8/2010 4130 Low Flood 

16 4/8/2010 4130 Low Flood 

17 5/8/2010 4234 Low Flood 

18 6/8/2010 8901 High Flood 

19 7/8/2010 6590 High Flood 
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4.8.2.2 Manning’s Roughness Coefficient 

Bed roughness for island, for semi-stable sand bar and the river channel were 

estimated using the Strickler’s Formula (equation 4.9).  

𝑛 = 0.04𝑑50
0.167      (4.9) 

Where 

n = Manning’s roughness coefficient 

d50 = Mean diameter of the bed material taken from the gradation curves for river bed 

sand bars/ islands. 

 

The values of Manning’s roughness coefficient were found 0.033 and 0.032 

for river and islands, respectively. The negligible difference in roughness coefficient 

was found due to narrow range of sediment size. Because most of the sediment lies 

within the medium sand class as categorized by USDA soil classification. 

 

4.8.2.3 Input Hydrograph/ Outlet Boundary Conditions 

The discharge hydrographs were used from the period of February 2010 to 

August 10, 2007 as inlet boundary conditions for input to model. The model 

uses‘*.dhg’ file to store the hydrograph data. This file should be store in the required 

folder before adding the inlet conditions. The input hydrograph is to be start from zero 

and time on the time scale should be in seconds. Because model uses only seconds in 

time scale and any other unit of time e.g. day or year is not entertained in CCHE2D. 

The open boundary conditions were used as outlet boundary conditions to allow the 

model to estimate water surface level at outlet boundary based on kinematic wave 

condition. Table 4.4 indicates the data used for inflow hydrographs as inlet boundary 

conditions for model. 
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Table 4.5 Input hydrographs used as inlet boundary conditions for model 

Feb. 28-July 19, 2010 July 18-Aug. 10, 2010 

Time Discharge Time Discharge 

 seconds cumecs  seconds cumecs 

0 214 0 1628 

32400 2881 36000 3135 

86400 4152 122400 4223 

1555200 85 208800 3745 

4233600 114 248400 3301 

6825600 226 295200 1832 

9504000 443 316800 1950 

12096000 572 381600 5457 

13564800 888 432000 4628 

13615200 1628 482400 2931 

13651200 3135 568800 1473 

  

 

655200 1209 

  

 

691200 3416 

  

 

777600 5959 

  

 

864000 7190 

  

 

950400 5656 

  

 

1036800 4041 

  

 

1123200 3066 

  

 

1209600 4778 

  

 

1296000 3879 

  

 

1382400 4130 

  

 

1468800 4130 

  

 

1555200 4235 

  

 

1641600 8902 

  

 

1728000 6591 

  

 

1814400 2956 

  

 

1900800 3035 

    1987200 2275 

 

4.8.2.4 Flow Parameters 

The flow parameters consist of simulation, Bed roughness, wind and advanced 

parameters. These parameters are to be set before running simulation. In simulation 

parameters, total simulation time, time step for history and intermediate files, 

turbulence model option, viscosity coefficient etc. are to be defined.  
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These parameters were set according to the requirement and the remaining 

parameters such as bed roughness, wind and advanced were used as default. 

 

4.8.3 Bank Erosion Rate Estimations Using Shear Stress Approach 

In this study, the rate of bank erosion is obtained by coupling the solution of 

the Reynolds-Averaged Navier–Stokes equations to the excess shear stress approach 

of the Partheniades (1965). In this approach, the fluvial erosion rate is related to the 

excess shear stress through a simple power relation of the form (Eq. 4.10): 

ξ = K (τ − τc)
a
       (4.10) 

where  

ξ is the erosion rate in m/s 

K is an erodibility coefficient in m
3
N

−1
 s

−1
  

𝜏 − 𝜏𝑐is the excess shear stress (τ being the bed shear stress and 𝜏𝑐 is the critical shear 

stress, both in Pa) and 

a is an exponent whose value is often taken to be 1.0.  

 

The critical shear stress for river bed material size particles is calculated from Shields’ 

curve (Shields 1936). Firstly, the boundary Reynolds number was calculated using the 

equation 4.11. Then dimensionless shear stress were measured using the Shield’s 

curve (Fig. 4.17). 

𝑅∗ =
𝑑

𝜈
[0.1 (

𝛾𝑠

𝛾
− 1) /𝑔𝑑]

0.5

     (4.11) 

The critical shear stress calculated using the following equation (Eq. 4.12) 

given by Shield was 0.018 N m
-2

. 

𝜏𝑐 = 𝜏∗(𝛾𝑠 − 𝛾)𝑑𝑚     (4.12) 
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Where  

𝜏𝑐= critical shear stress 

𝜏∗ is dimensionless shear stress read from the Shield’s curve 

𝛾𝑠 is specific weight of sediment which is taken as 2650 km m
-3

 in this case and 

𝛾 is specific weight of water i.e. 1000 kg cm
-3

 

 

 

Figure 4.17 Shield’s curve for critical shear stress 

 

A sediment grain on a sloping river bank is less stable than one on the bed 

because the gravity force tends to move it downward (Ikeda 1982). According to Lane 

(1955), the ratio of the critical shear stress 𝜏𝑤𝑐 for a particle on a bank to that for the 

same particle on the bed 𝜏𝑐 can be calculated using equation 4.13. 

𝜏𝑤𝑐

𝜏𝑐
= cos 𝜃1√(1 −

tan 𝜃1

tan ∅
)

2

     (4.13) 
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where 𝜃1 is the slope of the bank tan ∅ is the angle of repose for the sediment 

which was estimated as 32° based on size of the sediment. The angle of repose of a 

particle can be found in Lane (1955) once the particle size is known. Based on stream-

bed tests conducted in several streams of Nebraska, Iowa and Mississippi, Hanson and 

Simon (2001) showed that K can be estimated as a function of the critical shear stress 

using equation 4.14. 

 

𝐾 = 2 ∗ 10−7𝜏𝐶
−0.5    (4.14) 

 

Where 𝐾 is erodibility coefficient (𝐾) and is found by substituting the value of the 

critical shear stress in Pa. The equation 4.10 was used to estimate the bank erosion. 

The erodibility coefficient was then determined via model calibration (i.e., by forcing 

best agreement between measured and calculated river bank erosion). 
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Chapter V 

RESULTS AND DISCUSSION 

 

5.1 SEDIMENT RATING CURVE 

The sediment rating curves shows the relationship between discharges in the 

main river and the sediment concentrations for the selected time periods in the Upper 

Chenab (UC) and Marala Ravi Link (MRL) Canals, respectively (Figure 5.1 & 5.2). 

The rating curves are presented for three time periods; (1) base period (1997-2000), 

(2) evaluation period-1 (2001-2004) and, (3) evaluation period-2 (2005-2011). The 

evaluation periods were selected on the basis of the interventions carried out to 

minimize the sediment loads in the MRLC. Figures 5.1 & 5.2 not only shows the 

considerable scatter in sediment concentration for all three periods but also indicates 

that the scatters differs for each period which indicates that sediment concentration 

has been remained different during different evaluation periods. Although the 

relationship between sediment concentration and river flows is somehow weak as 

indicated by lower R
2
 values, but provides the clear understanding about the different 

sediment concentration patterns during all three time periods. 

 

Figure 5.1 Sediment rating curves for UCC for the study period (1997-2011). The 

R
2
 values are arranged according to the sequence of analysis periods. 
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Figure 5.2 Sediment rating curves for MRLC for the study period (1997-2011). 

The R
2
 values are arranged according to the sequence of analysis 

periods. 

 

During base period (1997-2000), the sediment concentration values were 

highly scattered and most of them were ranging below 400 mg/l. During the 

evaluation period-1, sediment concentration values were highly scattered and more or 

less lie in the range of 200 to 900 mg/l. During the evaluation period-2, sediment 

concentration values were relatively concentrated and mostly lie below 500 mg/l. It is 

interesting to note that the R
2
 has improved in both post evaluation periods as 

compared with the baseline period for both canals. 

 

Contrasting sediment concentration responses in the canals as evident from the 

erratic behavior of trend lines during both evaluation periods (Figures 5.1&5.2).  

Sediment concentration increased during evaluation period-1 and decreased during 

evaluation period-2 as compared with the base line period for the corresponding river 

discharges. Although the crest level of MRLC was raised during 2000-01 but both the 
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canals experienced the similar trends of sediment concentration, because the 

interventions include the changes in the river also (i.e., raised pond level 

combination). Similarly, a spur was constructed to train the river during the 2004-05. 

 

The commonly used equation for sediment rating curve is the power function 

as shown by equation 1. The coefficients ‘a’ and ‘b’ with R
2
 value is given in tables 

5.1 and 5.2 for UCC and MRLC, respectively. The coefficients ‘a’ and ‘b’ are known 

to be inversely correlated (Asselman, 2000). 

𝐶 = 𝑎𝑄𝑏       (Eq. 5.1) 

𝐶 = sediment Concentration (mg/ l) 

𝑎 & 𝑏 = regression coefficients 

 

Table 5.1 Regression coefficients of rating curves fitted for UCC during selected 

time periods. 

Period 𝐶 = 𝑎𝑄𝑏 

a b R
2 

Base period (1997-2000) 0.1 1.13 0.45 

Evaluation period-1 (2001-2004) 0.07 1.21 0.59 

Evaluation period-2 (2005-2011) 1.54 0.74 0.53 

Table 5.2 Regression coefficients of rating curves fitted for MRLC during 

selected time periods. 

Period 𝐶 = 𝑎𝑄𝑏 

a b R
2 

Base period (1997-2000) 0.08 1.15 0.41 

Evaluation period-1 (2001-2004) 0.02 1.36 0.58 

Evaluation period-2 (2005-2011) 0.62 0.87 0.49 
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5.1.1 Temporal Trend in Annual Sediment Load 

Figure 5.3 explains the trends of annual sediment load in UCC and MRLC for 

the selected time steps. Double mass analysis of both canals gives some interesting 

insight into temporal patterns of sediment loading during the evaluation periods 1 and 

2 as compared to baseline period (Fig. 5.3). Surprisingly, cumulative sediment load 

increased during evaluation period-1 in both of the canals. Moreover, rather steeper 

gradient of the MRLC trend line than that of UCC is indicating even more sediment 

loading in MRLC. The slope of the mass curve for evaluation period-1 shows that 

sediment load has increased by 8% (0.15 Mt/y) and 33% (0.58 Mt/y) from the base 

line sediment load in UCC and MRLC, respectively. 

 

Figure 5.3 Temporal changes in sediment load 

Trends show that sediment load during evaluation period-2 has decreased by 

22% (-0.40 Mt/y) in UCC and 12% (-0.20 Mt/y) in MRLC from their respective base 

line sediment loads (Figure 5.3). The construction of spur dikes for training the river 

provided the flow in a curved path downstream the confluence. 
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5.2 SEDIMENT RATING FOR RIVER 

The purpose of the analysis done in previous sections for both canals was to 

develop the relationship between canals sediment concentration data with the river 

data. Because there is no any continuous arrangements is available to measure 

sediment concentration in the river. Therefore, relationship between sediment 

concentration measured in UCC and the River was developed (Fig 5.4). The sediment 

concentration in the river for which the data of canal remained closed was estimated 

from the parameters developed from the rating curve of the canal (Table 5.2) during 

different evaluation periods (Table 3.2). A coefficient of determination (R
2
) was 

found to be 0.77 which shows a good relationship between two quantities. Therefore, 

the prediction of sediment concentration from the derived equation can provide 

satisfactory results.  

 

Figure 5.4 Regression for sediment concentration in River flows and UC Canal at 

Marala Barrage from the data collected in same dates. 

 

Equation 5.2 was derived from the regression analysis of the sediment 

concentration in the River and UC Canal for the same date was used to estimate the 

sediment concentration in the River flows. The figure 5.4 shows the relationship 

y = 1.0159x + 79.033 
R² = 0.7728 

0

500

1000

1500

2000

0 500 1000 1500 2000Se
d

im
en

t 
C

o
n

ce
n

tr
at

io
n

 in
 R

iv
er

 (
m

g
/l

) 

Sediment Concentration in Canal (mg/l) 



84 
 

between sediment concentration in the river and UC Canal and derived equation in 

linear function. 

𝑆𝑐𝑅
= 1.0159 ∗ 𝑆𝑐𝑢𝑐𝑐

+ 79.033      (5.2) 

𝑆𝑐𝑅
 is sediment Concentration in River in mg/ l 

𝑆𝑐𝑢𝑐𝑐
 is sediment Concentration in UC Canal in mg/ l 

𝑄 is discharge in m3/𝑠 

 

 

5.3 FLOWS AND SEDIMENT DYNAMICS 

Stream flow conditions strongly impacts on sediment transport in rivers. In 

upper Chenab catchment, snowmelt contributes significantly to flood flows. 

Maximum snowmelt is experienced in July and floods of high magnitude are 

generated due to monsoon rainfall (July through September). Therefore, hydrological 

regimes of Chenab River can be described by two categories; (i) melt of seasonal 

snow and, (ii) monsoon rainfall. Mean annual discharge (Qmean) recorded in the 

Chenab River (at upstream of Marala barrage) for the study period was 918 m
3
/s. The 

maximum discharge (Qmax.) observed was 18442 m
3
/s (28 August 1997) and 

minimum discharge (Qmin.) 72 m
3
/s (4 January 2002). In UCC, the mean sediment 

concentration (SCmean) was 451 mg/ l for the study period (1997-2011). The 

maximum sediment concentration (SCmax.) was 5200 mg/ l (12 Aug. 2007) and 

minimum 30 mg/l (12 April 2002) (Fig. 5.5). In MRLC, the mean daily sediment 

concentration (SC) measured during the study period was 502 mg/l.
 
The maximum 

sediment concentration (SCmax.) has been observed as 4700 mg/l (12 August 2007) 

and minimum (SCmin.) 38 mg/l (16 April 2002) (Fig. 5.6). In River, the mean sediment 

concentration (SCmean) was 352 mg/l for the study period (1997-2011). The maximum 

sediment concentration (SCmax.) was 5362 mg/l (12 Aug. 2007) and minimum 91 mg/l 

(4 January 2002) (Fig. 5.7). The maximum flows and sediments were observed during 

monsoon season (July-Sep.). Therefore, it can be infer from the analysis of sediment 
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data that floods bring lot of sediments in their flows and play an important role in 

sediment transport in the river. 

 

Figure 5.5 Bar graph of measured discharge of river (at Marala Barrage) and 

sediment concentration in UCC for whole period (1997-2011) 
 

 

Figure 5.6 Bar graph of measured discharge of river (at Marala Barrage) and 

sediment concentration in MRLC for whole period (1997-2011) 
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Figure 5.7 Bar graph of measured discharge of river (at Marala Barrage) and 

sediment concentration estimated in River (1997-2011) 
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Mean annual water yield at upstream of Marala barrage was calculated as 29 
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on 

average, were diverted into MRLC and UCC, respectively and remaining 16.5 BCM
 

was released downstream of the barrage. The maximum water diverted was 6.2 

(during1999) and 8.12 BCM
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average, most of the flows (81.1% of total) in the river remained available during 

summer season (April to September). 

 

Mean annual sediment load estimated for the Chenab River at upstream of 
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the selected years, ranging from a minimum load of 8.22 Mt/y in 2009 to a maximum 

of 31.1 Mt/y for the year 1998. Similarly, sediment load varied from a minimum load 

of 0.43 Mt/y in 1997 and 1.37 Mt/y in 2009 to a maximum of 3.47 Mt/y in 2002 and 

3.26 Mt/y in 1998 in MRLC and UCC, respectively (Table 5.3). During evaluation 

Period-1, there has been 54% increase in sediment load with 27% increase of water 

yield in MRLC while, in UCC, sediment load was increased by 16% with 7% 

decrease in water yield. During evaluation period-2, there has been only 2% increase 

in sediment load with 23% increase of water yield in MRLC while, in UCC, sediment 

load was decreased by 25% with increase in water yield by 2%. Overall, sediment 

load increased during evaluation period-1 and decreased during evaluation period-2 in 

both canals. UCC was influenced more than MRLC during both evaluation periods. 

 

Table 5.3 Annual water yields and total sediment load for the study period 

Year u/s of Marala barrage at 

the River Chenab 

MRLC UCC 

 water yield 

(BCM) 

Total 

sediment 

load 

(Mt/y) 

water 

yield 

(BCM) 

Total 

sedime

nt load 

(Mt/y) 

water 

yield 

(BCM) 

Total 

sediment 

load 

(Mt/y) 

1997 33 29.45 0.9 0.43 7.61 2.06 

1998 36 31.18 4.2 2.92 7.78 3.26 

1999 28 14.28 6.2 1.74 6.84 1.84 

2000 27 13.22 5.5 2.72 7.85 2.05 

2001 23 17.54 4.1 2.83 6.75 3.03 

2002 26 18.06 5.6 3.47 6.78 2.67 

2003 34 24.42 6.1 3.44 7.82 3.03 

2004 23 22.53 5.5 2.29 6.52 1.93 

2005 35 26.66 6.2 2.63 7.36 2.17 

2006 36 17.66 5.1 2.92 8.12 2.20 

2007 27 13.17 5.4 1.89 7.62 1.83 

2008 25 11.61 3.9 1.48 7.36 1.59 

2009 22 8.22 4.8 1.57 7.76 1.37 

2010 31 16.22 5.2 1.79 7.76 1.57 

2011 29 10.60 5.7 1.69 7.63 1.42 

Average 29 18.32 5.1 2.25 7.44 2.14 
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The analysis shows that the canal flows and sediment loads does not tend to be 

perfectly related directly which supports the assertion that the gross water yield is not 

solely responsible for the annual canals’ sediment load (Table 5.3). Because the 

canals are regulated structures due to which sediment load diverted depends on the 

supply from the river. Despite regulation, floods (especially in Monsoon) are still 

responsible for an important fraction of the total sediment load into the canals. This is 

the point where seasonality plays its role in deciding water yield and sediment loads 

in canals. 

 

Table 5.4 Monsoon (Jul-Sep) water yields and total sediment load for the study 

period 

Year u/s of  Marala barrage at 

River Chenab 

MRLC UCC 

 water yield 

(BCM) 

 Water yield 

(BCM) 

Total 

sediment 

load  

(Mt/y) 

Water 

yield 

(BCM) 

Total 

sediment 

load  

(Mt/ y) 

1997 19 24.58 0.62 0.33 2.45 1.30 

1998 18 19.75 3.64 2.44 2.96 2.05 

1999 15 10.42 3.98 1.13 3.05 1.39 

2000 14 9.62 3.80 2.18 3.07 1.58 

2001 13 12.43 3.12 2.38 3.11 2.03 

2002 13 12.17 3.73 2.63 2.99 1.82 

2003 16 9.71 3.76 1.80 3.31 1.41 

2004 11 7.67 3.65 1.59 2.90 1.30 

2005 18 15.00 4.31 1.89 2.94 1.44 

2006 20 21.43 3.17 2.32 2.92 1.52 

2007 12 7.40 3.25 1.27 3.28 1.26 

2008 12 6.80 2.56 1.01 3.18 1.03 

2009 12 5.51 3.42 1.27 3.28 0.92 

2010 19 12.73 3.22 1.43 3.03 1.13 

2011 14 5.72 3.00 0.98 2.75 0.79 

Average 15 12.06 3.28 1.64 3.01 1.40 

 

Figures 5.8 & 5.9 illustrate this fact, where it is evident that the proportion of 

Monsoon water yield in the total for UCC and MRLC is on average 41 and 65 

percent, respectively. Similarly, Monsoon sediment load (Table 5.4) again assume 

pronounced share in the total (66% for UCC and 73% for MRLC). 



89 
 

 
Figure 5.8 Annual and seasonal water yields and sediment load diverted into UCC 

for the study period 1997-2011. The values of water yield (BCM) and 

sediment load (Mt/y) are shown inside the bars. 

 

Figure 5.9 Annual and seasonal water yields and total sediment load diverted into 

MRLC for the study period 1997-2011. The values of water yield 

(BCM) and sediment load (Mt/ y) are shown inside the bars. 
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5.4 EFFECTIVE DISCHARGE 

The estimated effective discharge for suspended sediment in the river for 

entire study period is 1700 to 2100 m
3
/s

 
(Fig. 5.10). It was equaled or exceeded 13% 

of the time during the study period. These are not very frequent discharges and is 

almost twice the mean annual river discharge (i.e. 918 m
3
/s) for the study period 

(1997-2011). This discharge, together with high and low discharges (ranging between 

900 and 2900 m
3
/s) is responsible for major proportion (76%) of the total sediment in 

the river over the 15-year study period. This finding supports the previous emphasis 

that the floods have major contribution (largely occurring during Monsoon months) in 

the annual sediment load. 

 

 

Figure 5.10 Histogram analysis of the total sediment load for different magnitude 

flows (discharge classes) for the study period (1997-2011). Average 

sediment concentration in milligram per liter (i.e. mg/ l) is also shown 

in the graph 
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Figure 5.10 illustrates that the sediment concentration is very high (more than 

1000 mg/ l in the river on an average) within very less frequent discharge classes > 

2900 m
3
/s

 
(time equaled or exceeded < 2.5%) having proportional contribution of 

about 24% to the total sediment load. Figure 5.10 also suggests that the discharge 

class of 3900‒4300 m
3
/s

 
caused the highest sediment concentrations in the river, 

although its contribution to the total sediment load is relatively small due to very less 

probability of occurrence of such discharges in the river. 

 

5.5 DISCHARGE FREQUENCY VARIATION 

Figure 5.11 shows the discharge variation during evaluation periods i.e., EP-1 

and EP-2. Discharge frequency decreased for low discharge classes as well as the high 

discharge classes. Whereas, the discharge frequency increased for the discharge 

classes 1700 m
3
/s to 2300 m

3
/sec. therefore the sediment load increased during EP-1. 

Besides the increase in discharge frequency of the above mentioned classes, sediment 

load reduced during EP-2. This could be attributed to trap of sediment load in upper 

catchment. 

 

Figure 5.11 Percent variation in discharge frequency of river flows during EP-1 

and EP-2 from base period. 

-100

-50

0

50

100

150

200

5
0

0

7
0

0

9
0

0

1
1

0
0

1
3

0
0

1
5

0
0

1
7

0
0

1
9

0
0

2
1

0
0

2
3

0
0

2
5

0
0

2
7

0
0

2
9

0
0

3
1

0
0

3
3

0
0

3
5

0
0

3
7

0
0

3
9

0
0

4
1

0
0

v
a
ri
a
ti
o
n
 i
n
 t
o
ta

l 
d
is

c
h
a
rg

e
 f

re
q
u
e
n
c
y 

(%
) 

Discharge Classes (m3s-1) 

Dischrage frequency in EP-1

Discharge frequency in EP-2



92 
 

5.6 RIVER CHANNEL PATTERNS AND BED FORMS 

From the images of the study area, it is clear that the channel pattern is braided 

with bed configuration of sand bars. The selected reach consisted of sand bars and 

island complexes in its cross sections. The central bar and few bars located near the 

external bars are vegetated. Whereas, the remaining are the non-vegetated. The central 

vegetated bar, which have become a semi-permanent type island, the other vegetated 

bars are relatively stable. The Jamuna River reach reported by Ashworth et al. (2000) 

also consisted of almost similar channel pattern and bed configuration. The existing 

channel pattern and bed configurations act as a relatively large solitary sediment 

storage bodies that may persist for years. These are usually of the product of a history 

of depositional and erosional pattern (Cant and Walker, 1978). Therefore, the analysis 

of images shows that there is no major changes occurred in bed forms for the 

vegetated bars even large floods occurred during the study period. Whereas, the non-

vegetated sand bars are not stable and major changes occurred during the major floods 

events. 

 

5.7 RIVER BANK EROSION 

The flood magnitude is known to be greatly impact on river bank erosion 

rates, especially during monsoon. The earlier studies have resulted with better 

correlation of mean high flows and river bank erosion. Therefore, impacts of the mean 

high and annual flows on river bank erosion were analyzed. Following sections 

provides the results of the impact of individual or successive flood events on bank 

erosion during different hydrological regimes (i.e., low flows and high flows). Results 

also provide the comparison of the annual bank erosion rate of the selected reach with 

the global bank erosion rates. The impact of channel evolution on bank erosion was 

also quantified and relationship was developed to understand the sand bars role in the 
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protection of bank erosion. Relationship also helped in identifying the river bank 

locations which are more vulnerable to erosion. 

 

5.7.1 Bank Erosion Due to Flood Events 

Figure 5.12 shows the braided appearance of the river at low flow stages with 

branch channels, central semi-stable island (s) and unstable sand bars. The feasible 

conditions for growing of crops on central island attracted the local people to cultivate 

crops on it. Therefore, agriculture practices are being carried out on it. 

 

Figure 5.12 Classified images (A-D) of major landuse classes for different dates 

with image ID (see Table 1).  (D) Shift of bank line after major flood 

events along right bank of the study reach on classified image of 

March10, 2011. 
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External river bank erosion was calculated by using LANDSAT images. The bank 

erosion caused by the selected flood events of different magnitudes is presented in 

Figure. 5.13. The calculated values are given in Appendix B. 

 

 

Figure 5.13 Erosion along the right bank (dotted lines) and the left bank (solid 

lines) due to the selected flood events. Legends represent raster image 

ID as given in table 4.1. 

 

Figure 5.13 represents the bank erosion due to the major flood events along 

the right (dotted lines) and the left (solid lines) banks. The High Flood (HF) event-1 

(during July 2005) eroded the external banks on both sides of the river, particularly in 

the middle span of the braided reach. The maximum erosion was observed on left side 

in the middle span of the selected reach where erosion was about 208 m at 2.2 km 

downstream of the barrage. However, along the left bank, erosion remained limited to 

a short span of about half a kilometer (ranging from 2 to 2.5 km). At this span of the 

reach, external high bank has a concave shape due to which flow followed a curved 

path.  
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Similarly, two consecutive flood events HF2 and HF3, during the year 2006, 

also eroded the external banks of the river on both sides. Right bank of the river was 

eroded in the middle of the reach whereas the left bank was eroded in the upstream 

portion. The right bank was eroded about 155 m at a distance of 2.8 km downstream 

of the barrage. The consecutive flood events HF4 and HF5 eroded the right bank 

starting from just downstream of the barrage up to the distance of 4.5 km. Whereas, 

the erosion for the left bank remained limited to the distance of 6-7 km.  

 

However, the flood events during low flow (LF) season did not induce any 

changes in bank erosion and channel evolution except the consecutive events LF2 and 

LF3 that caused bank erosion at few locations (Figure 5.13). Figure 5.12 shows that 

the channel evolution is induced by the flood events HF1, HF2, 3 and HF4, 5. These 

flood events having magnitudes more than 5000 m
3
/s attained water level more than 

245.3 m above sea level during which the braided channel may evolved as a single 

thread.  

 

The results show that the study reach of the Chenab River has widened about 

6% during the study period due to erosion, especially of the right bank (Fig. 5.12D). 

The volume of eroded sediment along the right bank was calculated about 4.2 Million 

m
3 

during the study period. 

 

5.7.2 Comparison of Bank Erosion with Global Erosion Rates 

The study reach experiences the bank erosion, especially along the right bank, 

due to the flood events. Average bank erosion rate of the study reach was compared 

with relationship developed by Van de Wiel (2003) for global bank erosion rate. Van 
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de Wiel (2003) used 221 observations from a wide range of rivers from around the 

world to estimate the global bank erosion rate (E) in m/y
 
as a function of drainage 

area (A) in km
2
. The equation for the best fit regression line for that data is E = 

0.053A
0.44

. Based on this equation, the average erosion rate for the study reach is 5.1 

m/y. However, the calculated average erosion rate for the study period is 34.3 m/y 

which is substantially higher because of highly erodible banks material and high and 

frequent discharges during monsoon (Fig. 5.14). 

 

Figure 5.14 Average Bank erosion rate (Modified from Ven D Weil and  

Kummu et al.) 
 

 

5.8 RIVER BANK EROSION VERSUS DISCHARGE 

To check the dependency of bank erosion with the flood events during two 

different flow regimes, the relationship for average and total bank erosion with mean 

annual and high flows were developed (Fig. 5.15 & 5.16). The coefficient of 

determination (R
2
) between mean annual and high flows with right (left) bank was 
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found to be 0.70 (0.21) and 0.74 (0.10), respectively. The relatively better R
2
 value 

was found for the right bank indicating the good correlation between bank erosion and 

mean high flows. The reason of weak correlation for left bank is localized erosion due 

to construction of bank protection work and less flow diversion to the left branch of 

the river as discussed in the previous section. 

 

 

Figure 5.15 Regression analysis of average bank erosion with mean high (A) and 

annual river flows (B) for a 95% confidence limit: Right bank (A&B), 

and Left bank (C &D). 

 

The averaging of the bank erosion values weakens its relationship with flows. 

Therefore, the relationship between mean annual and high flows with total bank 

erosion was developed. A better correlation was found between the total erosion and 

mean high flows for right bank than the average bank erosion (Fig. 5.16). The 
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relationship determined the R
2
 values for right bank 0.66 and 0.83 against mean 

annual and high flows, respectively. Improved R
2
 value indicate that right bank 

erosion is more dependent on the mean high flows rather than the average annual 

flows. Therefore, these analyses confirm that the floods and flows during monsoon 

season are mainly responsible for bank erosion. The analysis of bank erosion shows 

that the threshold value of discharge to start bank erosion varied under different flow 

conditions. From the image and flow data analysis erosive discharge was 5431 m
3
/s 

during LF season and 3126 m
3
/s during HF season. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16 Regression analysis of total bank erosion with mean high (A) and 

mean annual (B) river flows for a 95% confidence limit: (A&B) Right 

bank, and (C &D) Left bank. 
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5.9 CHANNEL EVOLUTION VERSUS BANK EROSION 

Bank erosion and channel evolution are simultaneously analyzed through 

Landsat images. Previous sections presented the bank erosion on both sides of the 

river by analyzing flows and Landsat images. It was observed from the image analysis 

that the river banks eroded as long as the branch channel remains along the bank (Fig. 

5.12). Whereas, the presence of sand bars along the banks keeps the branch channels 

away from the bank and consequently less erosion along the bank.  

 

 

It can be argued from the analysis that presence of sand bars along the right 

bank appeared as a protection against erosion. To further verify this argument 

relationship between the lateral shift of the branch channel towards the river bank and 

corresponding bank erosion is developed as shown in Figure 5.16. The correlation in 

Figure 5.17 (A) is weak (R
2
= 0.31) because it includes the data points, where branch 

channel shifts are less due to the presence of sand bars along the bank and the 

corresponding bank erosion is also very low. In Figure 5.17 (B) the correlation has 

improved (R
2
=0.79) by plotting the same data set but ignoring the data points where 

the sand bars were present along the bank. The comparison of Figure 5.17 (A) and (B) 

suggest that the correlation between bank erosion and lateral shift of branch channel is 

strong, where the branch channel remains along the bank (or no sand bars are present 

along the bank) which make the river bank more susceptible to erosion. 
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Figure 5.17 Regression analysis showing the relationship between bank erosion 

and shift of river’s branch channel from external banks with a 95% 

confidence limit: (A) for all the selected locations along the bank, and 

(B) by omitting the points where sand bars are present along the river 

bank (indicated by red points in Fig. 5.15A). 

 

The results of the present study reveal that bank erosion not only depends on 

the flood events and their magnitudes but the channels evolution and location of the 

sand bars are important constituents too. The flood events during the Monsoon season 

are more effective in changing the morphology of the river, especially causing the 

erosion of external river banks. 
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5.10 COMPUTATIONS OF VELOCITY FOR THE STUDY REACH 

Contours of the velocity magnitude along with velocity vectors for two flood 

peaks (i.e., 4152 and 4223 m
3
/s) simulated with the CCHE2D model are shown in 

figures 5.17 & 5.18. The results shows that the maximum velocity occurs at the nose 

of the Shampur Spur and reaches upto 2.7 m/s (Fig 19). The groyne at Shampur 

actually reduces the flow cross sectional area thus causes the increased velocities in 

the section. 

 

 

 

Figure 5.18 Velocity magnitude contours and vectors during discharge of 4152 

m
3
/s at 14 hr of inflow discharge. 
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Figure 5.19 Velocity magnitude contours and vectors for the discharge  

of 4223 m
3
/s. 

 

 

Figure 5.20 Velocity magnitude contours and vectors for simulated discharge of 

4223 m
3
/s. 
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5.11 SHEAR STRESS ALONG THE RIVER BANKS 

The critical shear stress for the bank material was calculated using the shield’s 

curve (1936) by using the median sediment size. The critical shear stress depends on 

the physical properties of the sediment material and flow parameters. For this study, 

the critical shear stress for the medium sand particles was estimated 0.018 N/m. The 

critical shear stress for particles on banks is not same as for one on the bed of the 

river. Because, the shield’s relationship provides the critical shear stress estimation 

for the sediments in the river bed. Therefore, relationship for the critical shear stress 

for particles on bed and the bank were estimated using the equation proposed by Lane 

(1955). The critical shear stress for the median size particles on the bank is estimated 

0.011 N/m. Numerical model simulation for the hydrograph starting from June 27 to 

August 10, 2010 was done for the calculation of shear stress in the study reach. Shear 

stress along the right river bank is plotted in figure 21. The maximum shear stress for 

the individual flow/ flood event is computed at a distance of about 2500 m 

downstream of Marala barrage as 4.0 N/m
2
. From the figure 20, three locations can be 

identified for maximum shear stresses at a distance of 2500, 3450 and 4720 m, 

respectively. 

 

Figure 5.21 The x-axis shear stresses along the right bank 
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5.12 BANK EROSION RATE PREDICTION USING EXCESS SHEAR  

STRESS 

 

Excess shear stress approach, proposed by Partheniads (1965), was used to 

predict the river bank erosion. Moreover, Hanson and Simon (2001) relationship 

provided the estimated erodibility coefficient to be used in the excess shear stress 

approach. Figure 5.22 shows the estimated bank erosion rate along the right bank for 

the River Chenab downstream of Marala Barrage. Along the right bank of the selected 

reach, maximum erosion is predicted to be 18.7 m at a distance of about 2500 m 

downstream of Marala Barrage. The excess shear stress approach with original 

Hanson and Simon (2001) relationship predicted the bank erosion rate about 4.5 times 

lesser than calculated from remote sensing images. 

 

Figure 5.22 Comparison and calibration of Estimated and calculated bank erosion 

rate 

 

Therefore, the Hanson and Simon (2001) equation was modified for river banks of the 

study reach for estimation of erodibility coefficient after calibration of erosion results 

(equation 5.3). 

𝐾 = 9 ∗ 10−7𝜏𝐶
−0.5       (5.3) 
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5.13 DISCUSSION 

5.13.1 Sediment concentration 

Sediment concentration during the each selected period (i.e., base period, 

evaluation period-1 and evaluation period-2) showed a good correlation with the 

discharges of the river. Because the sediment transport strongly depends on the river 

flow conditions regardless the diverted discharges in the canals. But each period 

showed somehow difference from others as indicated by the sediment load trend 

(Figure 5.3). The sediment concentration was increased during the evaluation period-1 

and showed the better correlation with discharges as compared with base and 

evaluation period-1. The relatively increased in sediment concentration during the 

evaluation period-1 as compared with base period, as depicted by the increased trend, 

is also be explained by the either increase of flows frequency of effective discharge 

class (1900 to 2300 m
3
/s) (Fig. 5.9). But the frequency of effective discharge class 

also increased which also caused the increase in sediment load as compared with base 

period. 

The improved R
2
 value for both evaluation periods can be explain by the 

increased sediment concentration during low flows. The sediment load during both 

evaluation periods increased in low flows. 

 

5.13.2 Impact of Flow on Sediment Load 

Analysis of magnitude–frequency of sediment transport for the entire study 

period shows that the percentage of total sediment transported (𝑄𝑠,𝑎𝑣𝑔) below the 

annual average discharge (𝑄𝑎𝑣𝑔) is about 10%.  The sediment transported by average 

discharge is much higher than the River Indus, where sediment load varies 1–6%. 

However, percentage of total sediment load (𝑄𝑠,10%)  transported at discharge 
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exceeded 10% of time (𝑄10%)  constitute a major portion of the transported sediment, 

i.e., about 65%, for the entire study period. The transported portion of sediment load 

for discharge frequency of 10% (𝑄10%) is almost same as estimated by Ali and De 

Boer (2007) for River Indus. The specific sediment yield depends upon the 

morphological and climatological characteristics of the catchment and may differ for 

different sub-catchments within the Marala Barrage catchment. At Marala Barrage 

which is the first gauging station on the River Chenab after its entrance into Pakistan, 

the specific sediment yield estimated is 834 t /km
2
/y

1
 on the basis of the SWHP data 

at Alexandria Bridge. The specific sediment yield is less than the River Indus at 

Besham Qilla as reprted by Ali and Deboer (2007), i.e., estimated 1197 t/ km
2
/y

1
. 

 

Drainage area is the most commonly used factor to analyze the specific 

sediment yield. The specific sediment yield shows inverse relationship with drainage 

area in conventional model developed by Walling (1983).  

 

5.13.3 Impact of Floods on Bank Erosion 

The bank erosion either measured along the digitized lines (Fig. 4.12) or 

perpendicular to the river banks give close results except for the middle segment of 

the river reach on left side. In this segment, the bank erosion was much higher due to 

the High Flood (HF) event-1 (Figure 5.13). If the erosion measured perpendicular to 

the bank then it results a less value than the measured. The reason of this difference is 

due to the curved shape of the external bank at this particular segment of the reach. 

All the high flow events induced bank erosion either in the middle and upper parts 

(along the right bank) or in the lower part (along the left bank) of the braided river 

reach (Figure 5.13). However, the flood events of comparable magnitude did not 
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induce any considerable changes in bank erosion and channel evolution during Low 

Flow (LF) season. The central area of the braided reach remained almost stable due to 

high bed elevations. During floods the deposition of sediments occurs on this area and 

the bed is aggraded accordingly (Coleman, 1969). Therefore the central bars have 

now become almost stable islands and at a few places crops are grown on these 

islands. But these islands of the braided reach are inundated by a certain frequency 

flood event. 

 

5.13.4 Impact of Channel Evolution 

During the consecutive flood events HF2 and HF3, the right bank erosion 

occurred due to the branch channel flowing along the bank. Therefore, the section of 

the reach eroded as long as the branch channel remains along the right bank (i.e., from 

2.6 to 4 km) (Fig. 5.12B). The reason of the bank erosion due to HF1 is same as in the 

case of HF2 and HF3. The erosion during the consecutive events HF4 and HF5 was 

due to the removal of sand bar and formation of a new branch channel. The 

comparison of branch channel network before and after the flood events reveals that 

the erosion process was initiated with the development of a new branch channel at the 

upstream location (i.e., 1.4 km downstream of the barrage). This new branch channel 

was evolved as a result of the removal of a sand bar. Also, the massive erosion 

occurred at upstream location along the right bank, where the external banks formed a 

curved shape and the branch channel remained along the bank. Along this curved 

path, the channel shifted about 70 m towards the external bank due to the erosion.  

Notably, the external bank erosion took place during the Monsoon flood events 

(HF1 to HF7), particularly during the lateral shifting of branch channel towards the 

right bank causing erosion upto 155 m. Only these flood events seem to modify the 
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river morphology to a greater extent. These findings corroborate the results of 

Bertoldi et al. (2010) who observed that the prominent morphological changes are 

induced by bifurcation evolution that causes a sudden lateral shift of the branch 

channel position. The discharge distributions in the newly developed channels are 

controlled by the migration of sand bars. 

 

Abandonment or formation of branch channels and bars dependent on the flood 

magnitude or water level, as expected, respond differently in two different seasons. 

The monsoon flood events caused the abandonment or formation of channels and sand 

bars leading to bank erosion. Whereas, the similar magnitude floods during the LF 

season did not induce any significant changes in channels network, sand bars and 

bank erosion. These results corroborate the previous findings (Darby et al., 2013) that 

the contribution of monsoon precipitation to runoff is dominant factor forcing bank 

erosion.  

 

The bank erosion and formation and abandonment of branch channels are not 

only associated with the floods peak but of some other complex conditions. These 

could be explained by the reduction of shear stresses of flow due to the presence of 

sand bars along the banks and the moisture conditions of banks. The former condition 

resists the banks to be erode whereas the later one favors the bank erosion. Hooke 

(1979) observed that the wide spread erosion takes place due to high moisture level in 

banks. He concluded that the erosion occurs due to high and moderate peaks when 

bank material is in a moistened conditions and removal takes place by collapse and 

slumping of the material after the peak has passed. Figure 4.1 shows that the gauge 

data (i.e. the height from mean sea level) remained high even in low peaks during 
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monsoon season. Therefore, the high levels cause the seepage into banks thus causing 

the bank erosion. Because the seepage increases the weight of bank and reduces the 

shear strength (Pickup and Warner, 1976). The result of the present study also 

corroborate the findings of Bertoldi et al. (2010), who concluded that the flow pulses 

causes the bank erosion. The analysis of images inferred that the shifting/ formation 

of branch channel eroded the right bank by 155 m which is almost equal to the 

shifting of channel towards external bank (i.e. 166 m). This suggests that the 

formation/shifting of new branch channels and abandonment of sand bars along the 

river bank are primarily responsible for erosion. 

 

5.13.5 Impact of Bank Protection 

Figure 5.13 shows that the right bank, from 4.4 km downstream of the barrage 

to the end of the study reach, remained stable due to the presence of a big spur at 

Shampur (i.e., about 4.5 km downstream of barrage). A spur of relatively shorter 

length was also constructed in the middle reach along the right bank but this spur did 

not prove helpful for bank protection. The consecutive flood events HF6, 7 in 2011 

eroded the right bank in the middle reach up to 135 m. After the flood event HF2, 3 in 

2005, no any major erosion was observed in the central part along the left bank. This 

might be due to the construction of a big spur at about 2 km downstream of barrage. 

Therefore, the left bank remained stable due to the protection structure. However, 

there is no any published reference of such activities along the river banks. These 

observations regarding the protection works along the right bank were made during 

the site visit in April, 2012. On the basis of the available data and images, the present 

study discussed the major causes and provides the understanding and information 

about the bank erosion in a sand bed braided river. The results of the study are 
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expected to help managers for the protection works along the river banks. In Pakistan, 

river banks are normally protected by stone pitching or constructing spurs. 

 

5.13.6 Numerical Modelling and Excess Shear Stress Approach 

For the study reach, Flow velocities and shears stresses were simulated for 

inflow hydrograph (given in figure 4.5) using numerical model. Maximum velocities 

were calculated near the nose of groyne at Shampur due to reduction in the flow cross 

sectional area. The flow velocities remains higher in the right branch channel than the 

left thus indicating that the right channel carries more discharge than the left. 

Therefore, the river cross sections of the right side channel are also deeper than the 

left. The contours also shows that the flow velocities are low upstream of the groyne 

located along left bank due to ineffective flow areas. But downstream of the groyne 

the flow velocities are higher due to the reduction in the flow area. 

 

The groynes on both sides of the river banks caused the increased shear stress 

similarly as they caused increased flow velocities. The pattern of the shear stresses 

were similar as it was observed for flow velocities for each flood event in the selected 

river reach. Similar results were reported by Ercan and Younis (2009) for the reach of 

Sacramento River. They described that the velocity and shear stress downstream and 

in between of the groynes reduces due to presence of recirculation zones that 

suggested the sedimentation leading to rehabilitation of the eroded bank. Figures 5.23 

& 5.24 corroborate the findings of the Ercan and Younis (2009) where they 

mentioned that the sedimentation occurs in the downstream side of the groynes. 
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Figure 5.23 Downstream view of groyne near Behlolpur (left side, about 3 km 

downstream of Marala Barrage). 

 

Figure 5.24 Downstream view of Shampur groyne along the right bank of Chenab 

River (about 5 km downstream of Barrage)  
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The bank erosion rate prediction is based on the excess shear stress approach 

established by Partheniads (1965) and erodibility coefficient was determined by 

modifying the Hanson and Simon (2001) relationship. The bank erosion rate predicted 

by the excess shear stress approach were about 4.5 times lesser than calculated from 

remote sensing images. The under prediction of river bank erosion is suggested due to 

under estimation of erodibility coefficient by Hanson and Simon relationship. Similar 

findings of under estimation for bank erosion were reported by Clark and Wynn 

(2007), where the measured erosion rates were two times more than estimated by 

same relationship (i.e., Hanson and Simon). Luppi et al. (2008) and Simon et al. 

(2009) also found the different percentage of bank erosion estimated by excess shear 

stress approach and attributed the other bank erosion mechanism in their findings 

(erodibility coefficient lumps all the physical phenomenon responsible for bank 

erosion). 

 

Determination of soil erodibility coefficient is not an easy task due to 

complexity of inter-particle forces (Simon and Collinson, 2001). To modify the 

critical shear stress and erodibility coefficient relationship, Thoman et al. (2008) 

developed multiple linear regression relationship for the better estimation of critical 

shear stress. But couldn’t succeeded to develop the better relationship between these 

two parameters.  

 

Some other reasons have also been reported in the literature which involve 

predictive errors of up to an order of magnitude. Many researchers have estimated the 

value of 𝑘𝑑from the calibration of the erosion results (Darby et al. 2010). They 

suggested to use cohesion soil meter for better estimation of shear stress that doesn’t 
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even require any calibration. Moreover, they suggested that the value of exponent ‘a’ 

in equation (4.10) is not equal to unity because it is an empirically derived exponent. 

 

For this study, therefore, the erodibility coefficient relationship developed by 

Simon and Hanson (2001) was modified (i.e. by forcing best agreement between 

predicted and calculated bank erosion bank erosion using excess shear stress approach 

and landsat images, respectively). Similar approach is used to modify the relationship 

by many researchers (e.g., Rinaldi et al. 2008; Darby et al. 2007; Mosselman 1998 

etc.).  

 

The modified relationship from Hanson and Simon equation provided the 

good agreement between predicted and calculated river bank erosion. The difference 

in predicted and calculated bank erosion at cross-section line no. 46 could be 

suggested due to the errors in visual interpretation of the images due to the coarse 

resolution (Figure 5.22). 
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Chapter VI 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 CONCLUSIONS 

The study analyses the temporal variation in sediment load, computation of 

effective discharge, impact of flood events on river bank erosion and excess shear 

stress approach for prediction of river banks erosion for a braided reach of the River 

Chenab (Pakistan). For the selected reach, the bank erosion rate estimation, channel 

evolution and their interrelationship was also developed using Landsat images. The 

results of this study highlighted the role of seasonality (low and high flows season) on 

bank erosion. In particular, the relationship between critical shear stress and 

erodibility coefficient was modified from Hanson and Simon equation to predict the 

bank erosion for the selected reach. The following points can be stressed from the 

results obtained after analyzing the hydrologic data, satellite images processing and 

coupling of numerical model results with the excess shear stress approach: 

 

1. The temporal analysis of sediment load suggested that the changes occurred in 

sediment load entry into the both canals (i.e., UCC and MRLC). The increased 

sediment load in both evaluation periods (i.e. EP-1: 2000-2004 and EP-2: 

2005-2011) were observed. During evaluation period-1 (EP-1), the cumulative 

sediment load showed increasing trend in both the canals. Sediment load in 

UCC, on average, increased by 16% from the baseline period (i.e., 1997-

1999). Whereas, sediment load decreased by 25% during evaluation period-2 

when compared with evaluation period-1. Increase in discharge frequency of 

effective discharge along with subsequent classes (i.e., 2100 and 2300 m
3
/s) 

during evaluation period 1 may be suggested for increased sediment load. 
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Similarly, it is evident from the results that the total sediment load proportion 

has much increased in the discharge classes below than the effective discharge 

class during both evaluation periods. 

2. The relationship between sediment concentration in the flows of River Chenab 

and Upper Chenab Canal (UCC) resulted a better correlation (R
2
 = 0.78). 

3. Pronounced share of total sediment load is contributed during monsoon 

months in the river (66%). This indicates that the monsoon floods are 

responsible for most of the sediment load in the river flows. 

4. The effective discharge (1700-2100 m
3
/s, exceeded 13% of time), together 

with high and low discharges (ranging from 900 to 2900 m
3
/s), is responsible 

for major proportion (76%) of the total sediment load in the river for the whole 

study period. 

5. The individual or consecutive flood events in the low flow season did not 

cause the river bank erosion and changes in the channel network of selected 

river reach. Whereas, flood events of the similar magnitude during Monsoon 

season caused bank erosion and channel network adjustment. Moreover, the 

image analysis also depicts that the formation and abandonment of branch 

channels are not associated with the floods during the low flow season. The 

major morphological changes exclusively occurred during the high flow 

season (Monsoon floods). These planform changes, essentially the lateral shift 

or formation of branch channels, triggers external bank erosion. 

6. Average bank erosion for the selected reach was calculated 34.3 m/y. The 

comparison of bank erosion rate of selected river reach with the global bank 

erosion rate show that the rate of bank erosion of the Chenab River is almost 
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seven (7) times more than the global bank erosion rate. Therefore, suggested 

that the river banks are highly susceptible to erosion in the selected reach. 

7. A strong correlation (R
2
 = 0.83) exists between total bank erosion and mean 

high flows along the right bank mainly due to diversion of more flows in the 

right channel of the river. Instead, the same relationship at left bank is weak 

(R
2
 = 0.21) due to the less flow diversion in the left channel of the river. The 

relationship also suggested that the bank erosion is more dependent on mean 

high flows than the mean annual flows. 

8. A strong relationship (R
2
 = 0.79) between bank erosion and lateral shift of 

branch channel suggests that within the channel cross-section, the rate of bank 

erosion becomes high as long as the channel remains along the river bank. 

This analysis can be helpful in identifying the bank locations more susceptible 

to erosion. Moreover, presence of sand bars along the banks reduces the 

erosion. 

9. Predicted river bank erosion using excess shear stress approach showed that 

the erosion is greatly influenced by the erodibility coefficient. The under 

prediction of river bank erosion suggested that the Hanson and Simon (2001) 

relationship estimated the erodibility coefficient about 4.5 times less than the 

actual. Therefore, modified relationship from Hanson and Simon (2001) 

equation can be used for better prediction of river banks erosion of the 

selected reach. 

10. The numerical model satisfactorily can be used to identifying the river banks 

location which are more vulnerable to erosion. 
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6.2 RECOMMENDATIONS 

The research contribution to the existing literature is manifold regarding flows 

and sediment dynamics in the canals and bank erosion in braided river reach. Firstly, 

it contributes understanding of the flows and sediment dynamics in the canals and 

river. Secondly, understanding of branch channel evolution and its impact on bank 

erosion of sand-bed braided river reach in an alluvial plain which is helpful for 

identifying the river bank locations more vulnerable to erosion. Thirdly, it provides 

the insight into the responses of bank erosion to the seasonality of the flood events. In 

addition, the modified relationship from Hanson and Simon equation for estimation of 

erodibility coefficient may be used for similar river banks conditions. Numerical 

modelling results proved very helpful in identifying the river bank locations more 

vulnerable to erosion. Therefore, based on the aforementioned findings, canal 

operation may be modified and river protection works can be implemented on the 

identified locations.  

The variation in sediment load in the river may occur due to various reasons, 

especially due to construction of dams in the catchment area of the Chenab River. 

Therefore, it is recommended to continuously observe the sediment data in the river to 

detect the temporal changes in sediment load. Because, sediment flushing from the 

outlets of dam will affect the sediment concentration in the river flows as it is evident 

in this study. 

The specific recommendations of the study are: 

1. There is need to continuously observe the sediment data in the river for 

assessment of temporal changes in the sediment load. 
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2. High resolution satellite images should be used to see the difference of the bank 

erosion calculation with the landsat images used in this study which are 

available for research purposes. 

3. River protection works may be implemented for the study reach and similar 

reaches based on either the relationship developed between channel movement 

and bank erosion or the numerical model results specifically for the selected 

reach. The results presented in this study are helpful to implement river 

protection works despite of limitations. Similarly, the approach used in this 

study (i.e., numerical modelling and excess shear stress) can also be used for 

identification and prediction of bank erosion locations for river reaches at any 

project phase. 

4. Erodibility coefficient for banks of different sediment sizes and different river 

patterns may be established to correctly estimate the erodibility coefficient with 

reasonable accuracy. 

5. In addition to coupling of numerical model results with the excess shear stress 

approach, bank stability algorithm and seepage analysis of bank simultaneously 

can be carried out to encounter the other mechanism responsible of bank 

erosion. Despite the estimation of critical shear stress from the available 

equations or conventional jet testing device, cohesive strength meter should be 

used to calculate the critical shear stress which can be used to estimate the 

erodibility coefficient. This approach does not even require the calibration of 

the hydraulic bank erosion.   
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APPPENDIX A: 

 
FLOWS AND SEDIMENT CONCENTRATION DATA COLLECTED AT 

MARALA BARRGE USING DH-48 AND D-49 SUSPENDED SEDIMENT 

SAMPLERS FOR THE PERIOD FROM 1996 TO 1997 
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Sediment Concentration Data 

ISRIP PID 

  River UCC 

DATE 
Discharge 

(cfs) 
Discharge 

(cms) 
total 

weight(ppm)   

          

28-Jun-97 55374 1568 560 420 

15-Jul-97 94694 2681 1191 700 

31-Jul-97 61545 1743 942 1100 

16-Aug-97 53507 1515 254 217 

2-Sep-97 66498 1883 2489   

30-06-97 19627 556 129 370 

7-Jul-97 16632 471 592 500 

17-Jul-97 16281 461 2885   

24-Jul-97 15337 434 1096 553 

30-Jul-97 14996 425 1853 1750 

7-Aug-97 16012 453 357 550 

15-Aug-97 11305 320 562 280 

19-Aug-97 17169 486 165 226 

9-Sep-97 16356 463 172 150 
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APPPENDIX B: 

 

RIVER BANK EROSION FOR SELECTED FLOOD EVENTS 

CALCULATED FROM SATELLITE IMAGES 
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D/S 

distance 

from 

Barrage 

(m) 

28-Jan-05 20-May-05 

R.B L.B R.B L.B R.B L.B 

Lengths Lengths 

Difference from 

previous image 

400 1221 1347 1221 1347 0 0 

600 1124 1117 1124 1117 0 0 

800 1080 972 1080 972 0 0 

1000 1026 803 1026 803 0 0 

1200 1041 717 1041 717 0 0 

1400 1023 594 1023 594 0 0 

1600 1018 521 1018 521 0 0 

1800 975 506 975 506 0 0 

2000 883 640 883 640 0 0 

2200 848 792 848 792 0 0 

2400 863 737 863 737 0 0 

2600 945 661 945 661 0 0 

2800 993 624 993 624 0 0 

3000 915 529 915 529 0 0 

3200 887 505 887 505 0 0 

3400 876 596 876 596 0 0 

3600 802 589 802 589 0 0 

3800 786 604 786 604 0 0 

4000 784 673 784 673 0 0 

4200 882 721 882 721 0 0 

4400 822 747 822 747 0 0 

4600 849 761 849 761 0 0 

4800 923 811 923 811 0 0 

5000 991 900 991 900 0 0 

5200 1238 1063 1238 1063 0 0 

5400 1295 1185 1295 1185 0 0 

5600 1311 1260 1311 1260 0 0 

5800 1284 1329 1284 1329 0 0 

6000 1272 1456 1272 1456 0 0 

6200 1214 1666 1214 1666 0 0 

6400 1167 1864 1167 1864 0 0 

6600 1171 1969 1171 1969 0 0 

6800 1169 2317 1169 2317 0 0 

7000 1196 2480 1196 2480 0 0 
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21-Jun-05 

R.B L.B R.B L.B R.B L.B 

Lengths 

Difference from 

previous image 

difference from 

base year 

1221 1347 0 0 0 0 

1124 1028 0 89 0 89 

1080 972 0 0 0 0 

1026 803 0 0 0 0 

1041 717 0 0 0 0 

1023 594 0 0 0 0 

1018 521 0 0 0 0 

975 506 0 0 0 0 

883 590 0 50 0 50 

848 792 0 0 0 0 

863 737 0 0 0 0 

945 661 0 0 0 0 

993 624 0 0 0 0 

915 529 0 0 0 0 

887 505 0 0 0 0 

876 596 0 0 0 0 

802 589 0 0 0 0 

786 604 0 0 0 0 

784 673 0 0 0 0 

882 721 0 0 0 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1185 0 0 0 0 

1311 1260 0 0 0 0 

1284 1329 0 0 0 0 

1272 1456 0 0 0 0 

1214 1666 0 0 0 0 

1167 1864 0 0 0 0 

1171 1969 0 0 0 0 

1169 2317 0 0 0 0 

1196 2480 0 0 0 0 
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24-Aug-05 

R.B L.B R.B L.B R.B L.B 

Lengths 

Difference from 

previous image/ 

monsoon 

difference from 

base year 

1221 1347 0 0 0 0 

1124 1028 0 0 0 89 

1080 972 0 0 0 0 

1026 803 0 0 0 0 

1041 717 0 0 0 0 

1023 594 0 0 0 0 

1018 521 0 0 0 0 

975 506 0 0 0 0 

883 482 0 108 0 158 

848 584 0 208 0 208 

863 737 0 0 0 0 

902 661 43 0 43 0 

856 624 137 0 137 0 

823 529 93 0 93 0 

835 505 51 0 51 0 

823 596 53 0 53 0 

775 589 27 0 27 0 

782 604 4 0 4 0 

775 673 9 0 9 0 

865 721 16 0 16 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1185 0 0 0 0 

1311 1260 0 0 0 0 

1284 1329 0 0 0 0 

1272 1456 0 0 0 0 

1214 1666 0 0 0 0 

1167 1864 0 0 0 0 

1171 1969 0 0 0 0 

1169 2317 0 0 0 0 

1196 2480 0 0 0 0 
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16-Feb-06 

R.B L.B R.B L.B R.B L.B 

Lengths 

Difference from 

previous image 

difference from 

base year 

1221 1347 0 0 0 0 

1124 1028 0 0 0 89 

1080 972 0 0 0 0 

1026 803 0 0 0 0 

1041 717 0 0 0 0 

1023 594 0 0 0 0 

1018 521 0 0 0 0 

975 506 0 0 0 0 

883 482 0 0 0 158 

848 584 0 0 0 208 

863 737 0 0 0 0 

902 661 0 0 43 0 

856 624 0 0 137 0 

823 529 0 0 93 0 

835 505 0 0 51 0 

823 596 0 0 53 0 

775 589 0 0 27 0 

782 604 0 0 4 0 

775 673 0 0 9 0 

865 721 0 0 16 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1185 0 0 0 0 

1311 1260 0 0 0 0 

1284 1329 0 0 0 0 

1272 1456 0 0 0 0 

1214 1666 0 0 0 0 

1167 1864 0 0 0 0 

1171 1969 0 0 0 0 

1169 2317 0 0 0 0 

1196 2480 0 0 0 0 
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28-Sep-06 

R.B L.B R.B L.B R.B L.B 

Lengths Annual Erosion 

difference from 

base year 

1221 1347 0 0 0 0 

1124 976 0 52 0 141 

1080 828 0 143 0 143 

1026 778 0 25 0 25 

1041 678 0 39 0 39 

1023 571 0 23 0 23 

1018 521 0 0 0 0 

975 463 0 44 0 44 

883 452 0 29 0 187 

814 476 34 108 34 316 

829 602 34 135 34 135 

759 661 143 0 186 0 

701 624 155 0 292 0 

677 529 146 0 239 0 

706 505 129 0 180 0 

723 596 100 0 153 0 

729 589 45 0 72 0 

724 604 58 0 62 0 

706 673 69 0 78 0 

717 721 148 0 164 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1185 0 0 0 0 

1311 1260 0 0 0 0 

1284 1329 0 0 0 0 

1272 1456 0 0 0 0 

1214 1666 0 0 0 0 

1167 1864 0 0 0 0 

1171 1969 0 0 0 0 

1169 2317 0 0 0 0 

1196 2480 0 0 0 0 
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7-Mar-07 

R.B L.B R.B L.B R.B L.B 

Lengths 

Difference from 

previous image 

difference from 

base year 

1221 1347 0 0 0 0 

1124 976 0 52 0 141 

1080 828 0 143 0 143 

1026 778 0 25 0 25 

1041 678 0 39 0 39 

1023 571 0 23 0 23 

1018 521 0 0 0 0 

975 463 0 44 0 44 

883 452 0 29 0 187 

814 476 34 108 34 316 

829 602 34 135 34 135 

759 661 143 0 186 0 

701 624 155 0 292 0 

677 529 146 0 239 0 

706 505 129 0 180 0 

723 596 100 0 153 0 

729 589 45 0 72 0 

724 604 58 0 62 0 

706 673 69 0 78 0 

717 721 148 0 164 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1185 0 0 0 0 

1311 1260 0 0 0 0 

1284 1329 0 0 0 0 

1272 1456 0 0 0 0 

1214 1666 0 0 0 0 

1167 1864 0 0 0 0 

1171 1969 0 0 0 0 

1169 2317 0 0 0 0 

1196 2480 0 0 0 0 
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27-Feb-10 

R.B L.B R.B L.B R.B L.B 

Lengths 

difference from 

base year 

Difference from 

previous image 

1085 1347 136 0 0 0 

1025 976 99 141 0 0 

1080 784 0 188 0 0 

1026 695 0 108 0 0 

1001 678 40 39 0 0 

1023 571 0 23 0 0 

1018 521 0 0 0 0 

975 430 0 76 0 0 

883 389 0 251 0 0 

770 406 78 385 0 0 

685 517 179 220 -1 0 

663 604 282 57 0 0 

593 588 399 36 0 0 

606 529 309 0 0 0 

640 505 246 0 0 0 

694 596 182 0 0 0 

683 589 119 0 0 0 

724 604 62 0 0 0 

706 673 78 0 -1 0 

717 721 164 0 0 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1154 0 31 0 0 

1311 1260 0 0 0 0 

1284 1322 0 7 0 7 

1272 1450 0 6 0 0 

1214 1665 0 0 0 0 

1167 1823 0 41 0 0 

1171 1859 0 110 0 0 

1169 2317 0 0 0 0 

1196 2480 0 0 0 0 
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24-Apr-07 

R.B L.B R.B L.B R.B L.B 

Lengths 

Difference from 

previous image 

difference from 

base year 

1221 1347 0 0 0 0 

1124 976 0 0 0 141 

1080 784 0 45 0 188 

1026 725 0 53 0 79 

1041 678 0 0 0 39 

1023 571 0 0 0 23 

1018 521 0 0 0 0 

975 463 0 0 0 44 

883 452 0 0 0 187 

814 476 0 0 34 316 

829 602 0 0 34 135 

759 661 0 0 186 0 

701 624 0 0 292 0 

677 529 0 0 239 0 

706 505 0 0 180 0 

723 596 0 0 153 0 

729 589 0 0 72 0 

724 604 0 0 62 0 

706 673 0 0 78 0 

717 721 0 0 164 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1185 0 0 0 0 

1311 1260 0 0 0 0 

1284 1329 0 0 0 0 

1272 1456 0 0 0 0 

1214 1666 0 0 0 0 

1167 1823 0 41 0 41 

1171 1895 0 74 0 74 

1169 2317 0 0 0 0 

1196 2480 0 0 0 0 
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27-Jun-10 

R.B L.B R.B L.B R.B L.B 

Lengths 

difference from 

base year 

Difference from 

previous image 

1085 1347 136 0 0 0 

1025 976 99 141 0 0 

1079 784 0 188 0 0 

1026 695 0 108 0 0 

1001 678 40 39 0 0 

1023 571 0 23 0 0 

1018 521 0 0 0 0 

975 430 0 76 0 0 

883 389 0 251 0 0 

770 406 78 385 0 0 

683 517 180 220 0 0 

663 604 282 57 0 0 

593 588 399 36 0 0 

606 529 309 0 0 0 

640 505 246 0 0 0 

694 596 182 0 0 0 

683 589 119 0 0 0 

724 604 62 0 0 0 

706 673 78 0 0 0 

717 721 164 0 0 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1154 0 31 0 0 

1311 1260 0 0 0 0 

1284 1322 0 7 0 0 

1272 1450 0 6 0 0 

1214 1665 0 0 0 0 

1167 1823 0 41 0 0 

1171 1859 0 110 0 0 

1169 2317 0 0 0 0 

1196 2480 0 0 0 0 
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9-Oct-10 

R.B L.B R.B L.B R.B L.B 

Lengths 

difference from 

base year 

Difference from 

previous image 

1005 1347 216 0 80 0 

957 976 167 141 68 0 

999 784 81 188 81 0 

1005 695 21 108 21 0 

1001 678 40 39 0 0 

1023 571 0 23 0 0 

961 521 58 0 58 0 

859 430 116 76 116 0 

776 389 107 251 107 0 

745 406 102 385 25 0 

685 471 179 266 0 46 

635 604 310 57 28 0 

593 549 399 75 0 39 

534 529 381 0 72 0 

549 505 338 0 91 0 

650 596 227 0 44 0 

683 589 119 0 0 0 

653 604 133 0 71 0 

629 673 155 0 77 0 

683 721 199 0 34 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1154 0 31 0 0 

1311 1228 0 32 0 32 

1284 1322 0 7 0 0 

1272 1450 0 6 0 0 

1214 1666 0 0 0 0 

1167 1767 0 97 0 56 

1171 1859 0 110 0 0 

1169 2166 0 150 0 150 

1196 2480 0 0 0 0 
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10-Mar-11 

R.B L.B R.B L.B R.B L.B 

Lengths 

difference from 

base year 

Difference from 

previous image 

1005 1347 216 0 0 0 

957 976 167 141 0 0 

999 784 81 188 0 0 

1005 695 21 108 0 0 

1001 678 40 39 0 0 

1023 571 0 23 0 0 

961 521 58 0 0 0 

859 430 116 76 0 0 

776 389 107 251 0 0 

745 406 102 385 0 0 

685 471 179 266 0 0 

635 604 310 57 0 0 

593 549 399 75 0 0 

534 529 381 0 0 0 

549 505 338 0 0 0 

650 596 227 0 0 0 

683 589 119 0 0 0 

653 604 133 0 0 0 

629 673 155 0 0 0 

683 721 199 0 0 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1154 0 31 0 0 

1311 1228 0 32 0 0 

1284 1322 0 7 0 0 

1272 1450 0 6 0 0 

1214 1666 0 0 0 0 

1167 1767 0 97 0 0 

1171 1859 0 110 0 0 

1169 2166 0 150 0 0 

1196 2480 0 0 0 0 
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29-Nov-11 

R.B L.B R.B L.B     

Lengths 

Difference from 

previous image 

difference from 

base year 

1005 1347 0 0 216 0 

957 976 0 0 167 141 

999 784 0 0 81 188 

1005 695 0 0 21 108 

1001 678 0 0 40 39 

1023 571 0 0 0 23 

885 521 76 0 134 0 

804 430 55 0 172 76 

776 389 0 0 107 251 

745 406 0 0 102 385 

685 471 0 0 179 266 

588 604 46 0 357 57 

593 512 0 37 399 111 

534 529 0 0 381 0 

524 505 25 0 363 0 

514 596 135 0 362 0 

683 589 0 0 119 0 

654 604 -1 0 132 0 

629 673 0 0 155 0 

683 721 0 0 199 0 

822 747 0 0 0 0 

849 761 0 0 0 0 

923 811 0 0 0 0 

991 900 0 0 0 0 

1238 1063 0 0 0 0 

1295 1154 0 0 0 31 

1311 1228 0 0 0 32 

1284 1322 0 0 0 7 

1272 1450 0 0 0 6 

1214 1666 0 0 0 0 

1167 1767 0 0 0 97 

1171 1859 0 0 0 110 

1169 2166 0 0 0 150 

1196 2480 0 0 0 0 
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APPPENDIX C: 

 

CROSS SECTIONS SURVEYED DURING 2009-10 AT 257 METER 

(1500 FEET) DISTANCE DOWNSTREAM OF MARALA BARRAGE. 

CROSS SECTIONS ARE SHOWN FROM LEFT TO RIGHT 
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