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Abstract 
Erosion processes in a composite bank is a very complex phenomenon due to many factors involved such as: seepage, variability 

of the bank stratifications, river stage variations, fluvial processes, soil stabilities. This study was focused to understand the 

primary processes responsible for bank erosion, and methodology to predict the bank erosion. Finally, a stochastic bank erosion 

model is proposed to estimate the seasonal bank erosion in a composite river bank. In the first stage, the developed model was 

simulated with known stage hydrograph, bank soil erodibility, and the bank stratification of a river bend in a reach of the 

Brahmaputra River in India. The critical shear stresses of the bank soils were determined through submerged-jet tests and the 

seepage erosion parameters were determined through laboratory lysimeter experiments. The predicted seasonal bank erosion 

rates for four consecutive years were compared with the observed rates. The results showed a good agreement between the 

observed data and modelling results. In the second stage, the uncertainty in the stage hydrograph, soil erodibility and the bank 

stratifications were considered. The stochastic bank erosion predictions were compared with the observed distribution of the bank 

erosion in 45 bends of the Brahmaputra River over 700 km long reach. Since the model has predicted satisfactorily therefore, the 

developed model can be used to obtain morphological dynamics of a sand-bed river bend with composite banks. 
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---------------------------------------------------------------------***--------------------------------------------------------------------- 

1.INTRODUCTION 

Fluvial bank erosion is a very common phenomenon in 

alluvial rivers and almost all the rivers in the world is facing 

severe threats of bank erosion. In cases, where the banks are 

composed of alternate layers of fine and course strata, the 

banks are known as composite banks. The bank erosion, 

especially composite river banks is very complex as the 

banks are associated with many controlling variables. Since 

these controlling variables are associated with uncertainty in 

their measurements therefore, it is difficult to model bank 

erosion in a large river (Karmaker and Dutta, 2009). River 

bank erosion occurs mainly due to three processes: fluvial 

entrainment, sub-aerial erosion and mass failure due to poor 

strength of the bank materials (Lawler, 1995). One or the 

combination of these processes is responsible for the river 

bank erosion. The bank erosion for a homogeneous bank is 

mainly dominated by a single process. For example, in 

cohesive soil, slip circle failure often takes place, whereas in 

sandy cohesionless soil, planer failure is the reason.  

However, the nature of the erosion for a cohesive river bank 

is completely different from cohesionless (sand-bed) river 

bank. In a cohesive river bank, the erosion takes place as 

aggregates of soil rather than individual particles, as they are 

bound tightly by the electromechanical cohesive forces 

(Lawler et al., 1997). On the other hand the erosion in 

cohesionless river bank is due to loss of individual particles. 

The river bank erosion in case of a composite river bank is 

very complex. Banks of the alluvial river reaches are mostly 

composed of stratified soil layers, grain sizes of which vary 

from fine to coarse one. Normally, the alluvial river bed and 

the lower layers of composite banks are composed of 

cohesionless materials and the top layer of the bank is 

composed of fine soil with vegetation cover.  

 

Research studies have been carried out to understand or 

quantify the bank erosion rate in a river either through field 

and laboratory experiments or through numerical modeling. 

However, field investigation of the composite bank erosion 

has focused in the last two decades only. Theoretical 

study of the mechanical processes of channels with erodible 

banks was investigated initially by Ikeda et al. (1981) and 

Parker et al. (1982). Darby and Thorne (1996), Duan (2005), 

and Chen and Duan (2006) developed the numerical bank 

erosion models in which the rotational slip and planar bank 

failures were considered. The model predictions were 

verified by Darby et al. (1996) with the bank erosion data 

collected from South Fork Forked Deer River (SFFDR) in 

west Tennessee. The average longitudinal slope of the river 

was 1 in 6250 with average top width ~36 m and depth ~4 

m. The river bed was composed with well sorted sand (d50 = 

1 mm). Recent research study on bank erosion model 

emphasizes on the fluvial erosion and finite element based 

seepage analysis due to the variation of pore water pressure 

(Rinaldi et al., 2004; Darby et al., 2007; Rinaldi et al., 

2007). Those predictions were well validated with data from 

the natural river with composite bank. All the cases, the 

planar failure and/or cantilever failure were considered for 

bank stability analysis. Seepage erosion study was carried 
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out to quantify the erosion by several researchers through 

the laboratory and in-situ seepage experiments (Fox et al., 

2006; Wilson et al., 2007; Fox and Wilson, 2010; Midgley 

et al., 2012b; Rinaldi and Nardi et al., 2012). Karmaker and 

Dutta (2013) developed seepage erosion model based on 

stage variation in the river. In that study, a functional 

relationship between seepage erosion rate and its controlling 

variables was developed using lysimeter experiments. The 

relationship was used to formulate a mathematical seepage 

model that predicts the daily seepage erosion rate for a 

composite river bank. The results indicated that the seepage 

gradient has a dominating effect on the time taken in 

developing undercuts that lead to the bank collapse. They 

reported that the time to collapse increased significantly 

with the number of silt layers in the bank profile. Limited 

studies so far have been carried out for composite riverbank, 

e.g., BSTEM (Simon et al., 2000) and CONCEPTS 

(Langendoen, 2000) were developed by the National 

Sedimentation Laboratory in Oxford, Mississippi, USA. 

However, both the models do not have the seepage bank 

erosion component. 

In the present study a detailed bank erosion model has been 

developed for the composite river bank considering the 

entrainment and deposition of the sediment particle from the 

bank surface, basal erosion due to excess shear stress, 

cantilever mass failure and near bank net sediment transport 

rate and the seepage erosion (Fox et. al., 2007). The 

objectives of this study were to (i) couple the analytical 

bank erosion and bed degradation model described by Chen 

and Duan (2005) and Karmaker and Dutta (2010b) with 

seepage erosion model (Karmaker and Dutta, 2013) in a 

composite river bank, (ii) evaluate its performance at a river 

bend for known soil parameters and hydrographs with in-

situ bank erosion measurement , and (iii) evaluate  its 

stochastic prediction ability with observed cumulative 

distribution of the average annual bank erosion rate from the 

river bends in the Brahmaputra by considering the soil 

parameter distribution and stochastic stage hydrograph 

series (Karmaker and Dutta, 2010a). 

 

2. STUDY AREA 

The study reach in the Brahmaputra River is selected for the 

model performance evaluation and located at Jamuguri, 

North Lakhimpur, North-East India. The reach (26°50'08" 

N, 93°46' 08" E) is about 70 km upstream of Tezpur town. 

The river flows from east to west at this location (Fig. 1). 

Morphological studies using multi-date satellite imagery 

show that until year 2008 the river bank was under severe 

threat of erosion. It was also found from the satellite 

imagery study that a bank area of 2.4 km
2 

was eroded out 

during the flood season of 2004. The radius of the centerline 

of the bend was about 2460 m and the channel widths at the 

upstream and downstream were 630 m and 1126 m, 

respectively (Karmaker and Dutta, 2009). 

 

Figure 1. Map showing the Brahmaputra River, Assam 

(Image is taken from Karmaker and Dutta, 2010) 

 

Hydrographic and river bank surveys with Echo-sounder, 

acoustic Doppler current profiler (ADCP) were conducted 

during the moderate and high flow conditions (the water 

level was nearly 1 m higher than the bank full discharge) for 

the years 2005, 2006, 2007 and 2008. The measuring 

devices were mounted on an engine propelled vessel. The 

accuracy of the GPS instrument was 1.5 m. The maximum 

height of the eroding banks ranged between 8 to 9 m. The 

longitudinal bed slope varied spatially and temporally and 

found in between 1 in 7500 to 1 in 10,000. Although the 

thickness of different layers of the bank formation were 

found variable, but the average bank composition can be 

described as (from top to the bottom): (1) a stiff cohesive 

layer with grass (thickness ~100-150 cm), (2) a layer of 

densely packed silt (thickness ~25-30 cm), (3) a layer of 

silty clay (thickness ~40-50 cm), (4) a layer of fine sand 

(~40-50 cm), (5) a layer of sandy silt (thickness ~300 cm), 

(6) below that a layer of silty-clay at the bank toe (Karmaker 

and Dutta, 2011).  

 

3. MODEL FOR BANK EOROSION 

3.1 Hydrodynamic Model 

The governing equations for water flow in a curved river are 

the Navier-Stokes equations under depth averaged steady-

flow assumptions in two-dimension (Chen and Duan, 2006): 
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where, u and v are the depth average velocity components in 

the longitudinal and transverse directions respectively, g is 

the gravitational acceleration,   and   are the water 

surface and bed elevation from datum respectively,   is the 

density of the water, h is the depth of flow at any point, C is 

the curvature of the channel centerline and the z axis is 

considered positive upward. The channel centerline can be 

estimated: 

1
( )

d
C s

ds r


      (Eqn.2) 

where,   is the deflection angle between the downstream 

direction and r  the local radius of curvature. The two 

integral terms in Eqn.1b are the dispersion terms generated 

due to the redistribution of the momentum along the 

streamwise direction for the secondary flow in the river 

bend. In Eqn.1b, 
1T  is the dimensionless shape function 

denoting the vertical fluctuation of longitudinal velocity and 

sv is the secondary flow velocity in transverse direction. The 

individual river bend in a large river can be approximated as 

a part of sine-generated curve similar to the approach 

followed in analyzing the meandering channels (Langbein 

and Leopold, 1966). The periodic shape of the bend can be 

defined by the channel centerline angle ( ) with respect to 

down-valley direction and wavelength of the loop (Chen and 

Duan, 2006):  

 0 cos ks      (Eqn.3) 

where, 2 /k   ,   is the wavelength of the bend, 
0  is 

the value of   at the deflection point of the main channel. 

By assuming the ratio of the flow depth to the radius of 

channel curvature is small and neglecting the second order 

terms in Eqns. 1a-1c, the first order analytical solution for 

the streamwise velocity, considering the effect of dispersion 

terms in a sine generated curved channel, can be given as: 

   0 cos sinu U UNbk ks ks             (Eqn.4) 

where, U is the reach-average velocity, b is the half width of 

the channel. The value of N ranges from positive unity at the 

outer bank to the negative unity at the inner bank. The 

parameters   and   can be estimated as follows: 
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where, fC is the Chezy’s friction constant; F is the Froude 

number equal to /U gH , H is the reach average flow 

depth, A is the scour factor characterizes the transverse bed 

slope, and 
sA the momentum redistribution factor due to 

secondary current. However, the parameter 
sA  can be 

neglected for a mildly sinuous channel bends (  <1.2), 

when the secondary flow is weak (Chen and Duan, 2006). 

Moreover, the analysis of the satellite imagery of 

Brahmaputra River indicates that the sinuosity of the 

braided loop ranges between 1 and 1.2 (Karmaker and 

Dutta, 2010b).  Hence, the approximation for the mildly 

sinuous channel is valid for this study (Karmaker et al., 

2010).  

 

3.2 Fluvial Erosion Model 

The fluvial erosion rate can be quantified using the excess 

shear stress theory proposed by Arulanandan et al. (1980): 

 
a

d b ck         (Eqn.6) 

where   is the fluvial erosion rate per unit time, 
dk is the 

erodibility coefficient of the bank soil, 
b  is the boundary 

shear stress for the cohesive soil, 
c  is the critical shear 

stress and a the empirical exponent generally considered as 

unity. Erodibility parameters of the banks are highly 

variable and difficult to measure accurately (Rinaldi et al., 

2008). In situ submerged jet testing device was used to 

estimate the erodibility parameters for the cohesive soils 

(Hanson and Simon, 2001; Karmaker and Dutta, 2011). The 

bed shear stress, as required by Eqn.6 can be estimated by 

using, RS  , where,   the unit weight of water, R the 

hydraulic radius, S the energy slope. Bank shear stress was 

estimated by using, 0.76b RS  , as suggested  by 

Leutheusser (1963). 

 

3.3 Stability and Cantilever Failure 

Cantilever stability of the bank soil can be assessed by the 

combined effect of self-weight, shear strength, tensile 

strength and the compressive strength of the bank materials. 

The cantilever failure can occur in any of the three modes: 

(1) shear failure, (2) beam failure and (3) tensile failure. The 

factors of safety against these failures were computed using 

the formula as given by Thorne and Tovey (1981).  

 

3.4 In Situ Bank Erosion Estimation 

The river bankline migration rates of the bend at Jamuguri 

for four consecutive years from 2005 to 2008 were 

measured for the verification of model performance. The 

satellite imagery supplemented with DGPS (Differential 

Global Positioning System) survey data was used to 

estimate the annual bank erosion rate during the study 

period. Considering the observed probabilistic distribution 

of the bank soil erodibility and the return periods of the 

flood waves, the developed model has been simulated to 

estimate the stochastic bank erosion rates. These predicted 

bank erosions are finally verified with the observed bank 

erosion rate distribution of 45 major bends in the 

Brahmaputra River. The bank erosion rate was estimated by 

analyzing multi-date satellite imagery at annual scale. The 

images were collected from the open source image database 

supported by Global Land use and Cover Facility (GLCF). 

The yearly satellite imagery were stacked in chronological 
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order from 2005 to 2008 and the major channel bends were 

identified. The river bank lines were digitized manually 

using available tools in the image processing software. Then 

the average annual bank erosion rates were estimated from 

these annual bank line migration rates. The annual average 

bank erosion data are divided into a number of classes from 

zero to 150 m with 10 m increment. The cumulative 

distribution function of these annual bank erosion data was 

estimated and compared with the distribution of the bank 

erosion rate obtained from the model prediction. 

 

4. Results and Discussion 

4.1 Bank Soil Erodibility  

The submerged jet tests conducted along the Brahmaputra 

River banks demonstrate that the critical shear stress and the 

erodibility coefficient are related (Karmaker and Dutta, 

2011): 
0.1853.16

cd
k                                          (Eqn.7) 

where, kd is the erodibility coefficient in cm3(N-s)-1 and the 

critical shear stress in Pa. 

 

 

Fig 2. Soil erodibility determination through submerged jet 

test (Taken from Karmaker and Dutta, 2011) 

 

The critical shear stress (
c ) determined through the 

submerged jet test apparatus along the river Brahmaputra 

has the range 0.1-15 Pa. In order to find out its best random 

distribution, in-situ critical shear stress data were fitted with 

various probability distribution functions. The best 

distribution of the critical shear stress was found to follow 

the Gaussian probability function. The 58 sample points 

were grouped from 0-15 Pa with increment of 1 Pa. The co-

relation coefficient is found to be 0.99 for this distribution (p 

= 0.007). The relationship between the critical shear stress 

and the erodibility coefficient developed is used here for 

estimation of kd. The stochastic bank erosion estimation has 

been carried out considering the various probabilities of 

exceedence of critical shear stress and return period of the 

flood waves. The in situ critical shear stress of the fine soils 

can be determined through the submerged jet tests (Hanson 

and Simon, 2001; Hanson and Cook, 2004; Wynn, 2004; 

Karmaker and Dutta, 2011).  

 

4.2 Seepage Erosion Model 

Laboratory experiments were carried out for estimating 

seepage erosion with the soils from the composite river bank 

with similar stratification as found in-situ. Various 

combinations of bank stratifications with cohesive and 

cohesionless soils were investigated for different seepage 

gradients and the relationship between time and seepage 

gradient was determined for different bank stratifications 

(Karmaker and Dutta, 2013).  

 

 

Fig 3. Seepage experiments (taken from Karmaker and 

Dutta, 2013) 
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A mathematical model for seepage erosion was formulated 

based on the results from the lysimeter experiments for 

composite riverbanks by considering subsurface flow 

similar in a confined aquifer. At time t = 0, both the stages at 

the river and groundwater were h0.  The origin of the 

horizontal axis is at the intersection of the bank and the 

river, while the positive direction towards the bank. The 

storage in the silt layer is assumed negligible (Hantush and 

Jacob, 1955). Thus the governing equation for one-

dimensional ground water flow in a composite bank can be 

given in Jiao and Tang (1999) provided the approximate 

solution to the one-dimensional ground water flow in a 

confined aquifer problem and within the domain between 0 

and L, with boundary conditions,        

  0,0h x h             (Eqn.8a) 

  and     0lim ,
x

h x t h


                                     (Eqn.8b) 

where, S is the storativity, T  is the transmissivity, fh is the 

amplitude of the ith  flood wave,  the speed of flood wave. 

The seasonal stage hydrograph study was carried out by 

Karmaker and Dutta (2010) showed that monsoonal 

(seasonal) response (hs), is dependent on the basin average 

monsoonal rainfall (Rs) and. Based on the flood wave return 

period, fh can be estimated from the historic stage record 

analysis (Karmaker and Dutta, 2010a). After fitting the 

individual flood wave and the monsoonal response with 

Maxwell distribution (1960), the synthetic stage hydrograph 

can be generated (Karmaker and Dutta, 2013). In order to 

apply the solutions provided by Jiao and Tang (1999) it is 

necessary to transfer the flood waves into the summation of 

sine functions. Thus the final form of flood hydrograph can 

be resolved as (Karmaker and Dutta, 2013):  
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  (Eqn.9) 

where, ( )rh t is the river stage at time t, hb the river stage 

before monsoon, ks and rs are the fitting parameters for 

monsoonal response, 
kA , 

k , 
kc and 

kt are the amplitude, 

frequency, phase shift and time period of the k th sinusoidal 

component of i th flood wave, respectively. The difference 

between the river stage [ ( )rh t ] and the ground water level 

h(x,t) produces the seepage head. To implement the 

equation (9) in equation (8a), h0 is substituted with: 

 h0 = 
1( ) exp 1

sr

b s

s s

t t
h f R

k k

  
   
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              (Eqn.10) 

The positive difference between groundwater level [h(x,t)] 

and the river stage [ ( )rh t ] at any time t gives the seepage 

head available. This head over the length (L) of the bank 

soil develops the seepage gradient ( gi ). At the point, when 

the available seepage gradient is higher than the critical 

seepage gradient (ic), seepage flow occurs with the erosion 

of soil particles. This can be given as follows: 

( , ) ( )r

g

h L t h t
i

L

 
  
 

   for,   ( , )h L t > ( )rh t    (Eqn.11) 

Time required to bank collapse (tb) is a function of the 

seepage gradient and can be given as: 

( ) k

b gt C i             for,    g ci i                     (Eqn.12)  

The above equation was found from the lysimeter 

experiments with physical model in laboratory. Daily 

seepage bank erosion (
t ) can be estimated as: 

24 60

( )
t cw

f i



                                             (Eqn.13) 

where, 
cw is the average width of bank collapsed. The above 

equation has been developed considering the time to 

collapse (tb) in minutes. When the river stage is higher than 

the ground water, the water will seep towards bank; 

otherwise seepage flow will occur from the river bank. 

Numerical scheme consists of central difference over space 

for all other than first and last node along the streamline. 

The space along streamline was discritized at 50 m interval 

with a time interval of 1 hr, which is similar to the stage 

hydrograph recorded interval.   

 

 

Figure 4. Predicted and observed bank erosion 
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4.3 Stochastic Erosion Prediction 

The model was first validated at a river reach where the 

stage hydrograph, soil stratifications and the soil erodibility 

parameters were known (Karmaker, 2011) (Fig. 5). The 

validated model was then tested for the stochastic prediction 

of the bank erosion in cases, where the above parameters are 

unknown. The influence of the various parameters on the 

results of the model has been investigated. The parameters 

considered include: the monsoonal condition (dry, normal or 

wet), deflection angle (
0 ), longitudinal slope of river 

channel (S) and bed material size (d50).  

 

4.4 Effect of Basin-Average Monsoon Rainfall  

The predicted bank erosion rates during the dry monsoon 

season, indicate that the seasonal bank erosion rate is highly 

influenced by the return periods of flood waves. However, 

for the higher critical shear stress (probability of critical 

shear stress lower than 40%), the maximum annual bank 

erosion is dominated by seepage erosion. The seepage 

erosion rate found from the model simulations ranges 

between 1 and 6 m mainly depending on the return period of 

the flood waves. However, the annual bank erosion rate in 

the composite banks with fine soils of low critical shear 

stress and high erodibility coefficient are significantly 

affected by the return period of flood waves. The higher 

flood wave return period, more bank erosion rate. 

    

The influence of normal monsoonal season with various 

return periods of flood waves was estimated. Interestingly, 

the basic nature of the maximum annual erosion rate is 

similar to the dry monsoon year. However, the predicted 

bank erosion rate is higher than that of dry monsoon 

condition. Although, the maximum annual bank erosion rate 

does not vary significantly with different return period of 

flood waves. The equilibrium state of the bank erosion 

indicates that even with very low critical shear stress in the 

bank fine soils, the seasonal maximum bank erosion will be 

within this range. In case of wet monsoon year, there is less 

influence of the different return period of flood waves. The 

limit of maximum annual bank erosion is higher than that of 

normal and dry condition. The predicted maximum annual 

erosion rate is about 120 m with a 20-year return period of 

flood wave. Moreover, the annual erosion has not reached to 

any equilibrium limit. This indicates with lower critical 

shear stress of the bank fine soils higher bank erosion rate is 

expected for wet monsoon years. The predicted maximum 

annual bank erosion increased to 80% from dry to wet 

monsoon season. 

 

Moreover, the simulated results for different flood wave 

return periods showed that near bank bed level was almost 

same for different return period of flood waves. This 

essentially indicates that the equilibrium bed scour solely 

depends on the bank soil and bed material characteristics. 

 

4.5 Evaluation of Stochastic Bank Erosion 

Prediction 

The cumulative distribution of the bank erosion simulated 

by the model was used to evaluate the model performance in 

its stochastic prediction. Therefore, all the simulation results 

mentioned in the previous sections were considered as the 

sample dataset. The observed annual bank erosion rates 

obtained from satellite imagery analysis were considered for 

the evaluation. 

 

For analysis of the observed annual bank erosion, the river 

reach was divided into two regions: (i) from the confluence 

of the Lohit, Siang and Dibang to Guwahati, and (ii) 

downstream of Guwahati to Indo-Bangladesh border. The 

average annual bank erosion rate in the period 2005-2008 

was ~87 m at the upstream of Guwahati, whereas, the 

average annual bank erosion was found to be ~68 m at its 

downstream. The analysis also shows that the most of the 

wavelengths of the braided loop lie in between 9000 and 

12000 m with an average of ~10,000 m. The envelope of the 

predicted bank erosion is shown in Fig. 5 with dash lines. 

The cumulative probability distribution of the observed bank 

erosion was computed and plotted in the same figure. 

Interestingly, the stochastic erosion predict follows fairly the 

observed distribution, close to the upper bound of the 

envelope.  

 

 

Figure 5: Observed and simulated distribution of the bank 

erosion (Taken from Karmaker and Dutta, 2014) 

 

However, the satellite imagery analysis indicates the annual 

bank erosion rate, which also includes the erosion during the 

non-monsoon periods. During the non-monsoon periods, the 

bank erosion is mainly due to sub-aerial erosion and bank 

collapse due to poor cohesion. In addition, the average bank 

height was considered for the prediction of the stochastic 

bank erosion. Interestingly, the orders of the observed and 

predicted bank erosion match fairly well. Thus, the 

stochastic bank erosion prediction from the present model 

can be used to identify the vulnerable river reaches under 

the threatening of the bank erosion. 

 

CONCLUSIONS 

The present study has analyzed the annual erosion rate of 

composite river banks with its controlling parameters and 

their probability distribution. This model uses an analytical 

hydrodynamic and sediment transport model with the 
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dominated bank erosion processes in a composite river bank. 

The main bank erosion processes in the composite river 

bank include basal erosion, seepage erosion through coarse 

soil layers, and mass collapse mechanisms. The spatial 

variation of the critical shear stress of the fine soil layers of 

the river bank plays an important role for the spatial 

variation in the annual bank erosion rate. Fluvial erosion 

with subsequent bank collapse mechanism was found as 

major bank erosion processes in the composite river bank. 

However, seepage erosion was dominant when the critical 

shear stress of the bank soil is of high magnitude. However, 

one major limitation of the model is that it considers the 

similar stratification of the bank soil and the each soil layers 

has similar hydraulic and soil properties. However, in future, 

it is required to investigate the effects of the soil density and 

hydraulic parameters on the bank erosion. 
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