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Abstract
The impacts of floods on river bank erosion are generally significant in the alluvial river reaches. This paper presents the
prediction of the river bank erosion along the right bank in the reach of Chenab River (starting from downstream of Marala
Barrage) where excessive erosion had been reported. The bank erosion is predicted due to flow/flood events of 2010 by coupling
the output from the two-dimensional numerical model to the excess shear stress approach. The predicted bank erosion was
compared with the one estimated from Landsat images. The Landsat ETM+ images were processed in the ArcGIS software to
assess the external bank erosion. The results show that the excess shear stress approach underpredicts the bank erosion.
Therefore, the erodibility coefficient was modified by forcing the best agreement between predicted and estimated (i.e., from
Landsat images) bank erosion which was used for further analysis. The results reveal that coupling the output from the numerical
model to the excess shear stress approach (by modifying the erodibility coefficient) predicts the river bank erosion with a
reasonable level of accuracy, thus helpful to identify the locations for the protection works. The predicted river bank erosion
presents good coefficient of determination (R2) of 0.82 when compared with the estimated bank erosion from Landsat images.
The findings of the present study will help to implement the river protection works at the identified locations in the selected reach
of River Chenab and will also act as a guideline for similar river reaches.
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Introduction

The river bank erosion causes significant environmental and
economic problems such as loss of agricultural land and in-
frastructure along the river banks. The excessive river bank
can also contribute into the total sediment load in rivers (Ercan
and Younis 2009). The Chenab River widened by about 6%
due to bank erosion downstream of Marala Barrage which
caused the land loss of about 4.2 million m3 along the river
bank (Ashraf et al. 2016). Similarly, river bank erosion

supplies a significant proportion of the total sediment load
for many other rivers (see for example, Sekely et al. 2002;
Thoma et al. 2005).

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 cause the increase in 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 (Hooke 1979). The combined actions
of different physical processes, e.g., weathering, fluvial ero-
sion, and geotechnical instability, cause bank erosion (Thorne
1982; Lawler 1992). In addition, some other factors such as
the soil properties, the frequency of freeze–thaw, the stratigra-
phy of the bank structure, the type and density of vegetation,
and the grain size of the bed sediment at the toe of the bank
significantly influence the erosion processes.
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Julian and Torres (2006) reported that the four flow prop-
erties controls the hydraulic erosion rates of cohesive river-
banks: (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 minimal-
ly cohesive banks on variability (number of discharge peaks).
Darby et al. (2007) also found the maximum fluvial ero-
sion on event peak. Luppi et al. (2009) concluded that
the fluvial erosion is dominant during the flood events
with single peak and the mass failure occurred during
the multipeaked prolonged events.

The excess shear stress approach (Eq. 1) is most commonly
used to predict hydraulic erosion rates of cohesive river banks
(e.g., Osman and Thorne 1988; Darby and Thorne 1996;
Darby et al. 2007; Luppi et al. 2009; Hanson and Simon
2001; Ercan and Younis 2009; Simon et al. 2009). The rela-
tionship developed by Partheniades (1965) assumes that the
amount of hydraulic erosion is a function of the magnitude of
excess shear stress (τa − τc) (Eq. 1):

E ¼ k
�
τa−τ cÞa ð1Þ

where BE^ is lateral erosion rate in meters per second, Bk^ is an
erodibility coefficient in cubic meter/Newton second, Bτa^ is
applied shear stress by flow in Pascal, and Bτc^ is critical stress
in Pascal.

The excess shear stress approach is simple and requires the
calculations of erodibility parameters and boundary shear
stress from the field observations for the accurate estimation
of river bank erosion. These parameters are all highly variable.
Theoretical determination of critical shear stress for cohesive
materials is very complex because it depends on several fac-
tors including clay and organic content, and the composition
of interstitial fluids (Arulanandan et al. 1980; Grissinger
1982). Consequently, better fluvial erosion predictions depend
on how accurately these parametric values are estimated.

Many researches have reported the inverse relationship be-
tween erodibility coefficient and critical shear stress (Thoman
and Niezgoda 2008). Initially, the relationship between erod-
ibility coefficient and critical shear stress was found by
Hanson and Simon (2001) for stream beds. Subsequently,
the relationship was updated for stream banks by Simon
et al. (2011). Daly et al. (2013) proposed a new approach to
analyze the data collected during the jet erosion test and
developed a new relationship between erodibility coefficient
and shear stress.

Simon et al. (2009) used the same relationship for erodibil-
ity coefficient which was developed by Hanson and Simon
(2001). The results showed that the 13.6% bank erosion oc-
curred by fluvial erosion which is calculated by using the
excess shear stress approach whereas the remaining erosion

resulted due to the mass failure. Similarly, Rinaldi et al. (2008)
concluded that the 30% of the erosion occurred due to fluvial
erosion and the major bank erosion occurs due to pore water
and hydrostatic confining pressure between the drawdown
and rising phases of the multipeaked flow events.
Interestingly, they found the outer bank shear stress out of
phase with the river stage. They suggested these conditions
due to the specific geometric configuration of the channel
bend. Ercan and Younis (2009) successfully predicted the
bank erosion using the excess shear stress approach without
any changes in the Hanson and Simon (2001) approach for
erodibility coefficient determination. Moreover, the bank ero-
sion models such as Bank Stability and Toe Erosion Model
(BSTEM) and CONCEPT also uses the Hanson and Simon
(2001) relationship to estimate bank erosion. However, many
researchers have developed the different relationship between
these two parameters (e.g., Clark and Wyn 2007; Darby et al.
2007; Thoman and Niezgoda 2008).

Review of above-cited studies indicates that the ap-
proach, relatively simple and robust, can be used to ad-
dress these problems for implementation of river protec-
tion works by considering the relationship of erodibility
coefficient and critical shear stress and excess shear stress
for individual peak events (i.e., intensity and duration).
Also, the main focus of the researchers has been remained
on the accurate estimation of river bank erosion. Only,
few researchers have used the excess shear stress ap-
proach to analyze the impact of structural measures on
river bank erosion. Therefore, for this study, the specific
objectives are to: (1) develop the relationship between
erodibility coefficient and critical shear stress for the se-
lected river reach, (2) predict the bank erosion using the
excess shear stress approach, and (3) identify the locations
more susceptible to erosion.

Materials and methods

Study area

The reach of the River Chenab, starting from downstream of
Marala Barrage near Sialkot (Pakistan), is selected for the
prediction of the bank erosion. The river reach can be catego-
rized as braided which includes semi-stable vegetated island,
sand bars, and channels (Fig. 1).

The catchment area above Marala Barrage has moderate to
high vegetation cover and the major landuse is grassland be-
cause it receives rainfalls almost in each month of the year
which keeps the vegetation growing along the hill slopes
(Rehman et al. 2012). The summary of the characteristics of
the study reach and hydrology of the river at upstream of
Marala Barrage is given in Table 1.
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The soil in the Marala-Alexandra reach is transitory from
sediment plains of the Pir Punjal range to flatter flood plains of
Punjab (Awan 2003). The river banks are highly susceptible to
erosion due to the higher proportion of the silt and clay parti-
cles in the bank material. The river banks in the middle part of
the selected river reach have witnessed the erosion over mul-
tiple times. The river bank erosion occurs, especially along the
right bank, during the monsoon season (July to September)
due to the flood events. The average bank erosion rate of the
selected reach is 34.3 m −1 which lies in the upper limit of the
global bank erosion rate. The left bank is stable and experi-
ences negligible erosion since the construction of a big groyne
during 2005–06 (Ashraf et al. 2016).

Discharge and water level during 2010

Flow in the River Chenab significantly depends on the snow-
melt contribution during summer. Maximum snowmelt expe-
riences in the month of July whereas high magnitude floods
generate due to monsoon rainfalls in the catchment. There is
almost no control over the Chenab River in Pakistan (Tariq
and Giesen 2012). Regular discharge and gauge height mea-
surements are conducted at downstream and upstream of
Marala Barrage. The Chenab River experienced medium to
high flood events during the monsoon season of 2010 as re-
ported by the Punjab Irrigation Department (PID). The maxi-
mum flood peak was observed on August 6, 2010 (Fig. 2).

Fig. 1 Study area map with locations of Marala Barrage, groynes, and reference line from where the bank erosion was estimated using Landsat images

Table 1 Catchment area at
Marala Barrage. Key features of
the study area and hydrology of
the river at Marala Barrage

Description Value Unit

Catchment area 32,670 km2

Mean water yield 25.17 km3 y−1(Tariq and Giesen 2012)

Mean annual discharge 918.0 m3 s−1

Average river width 3.5 km

Reach length 7 Km

Average bank height 5 m

Mean elevation of the study area 240.0 m.a.s.l

Mean river bed slope 0.2 %
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Figure 2 shows the instantaneous flood peaks and average
gauge height downstream of Marala Barrage during the mon-
soon season.

Satellite data and images analysis

Analysis of images in the GIS software is an important tech-
nique to estimate the river bank erosion and have been widely
used by many researchers (e.g., Khan and Islam 2003; Takagi
et al. 2007; Baki and Gan 2012; Mount et al. 2013, and Wang
et al. 2014). For this study, Landsat images of Enhanced
Thematic Mapper plus (ETM+) with a 30-m resolution were
analyzed to calculate the bank erosion. The selected images
were acquired approximately before and after the flows/floods
simulation period in order to calculate the river bank erosion.
For this study, images of 2010 acquired on June 27 and
October 9 were used for the analysis.

Images of visible and near infra-red (NIR) ranges of elec-
tromagnetic spectrum were used for analysis. Because, these
bands enables the vegetation boundary along the river to iden-
tify the outer bank line as discussed by Wang et al. (2014). In
addition, Iso Cluster Unsupervised classification (ICUS) was
also used to identify the different features like main river
channel, island/bela, and sandbars. Details of images used
and methodology adopted to estimate the river bank erosion
can be found in Ashraf et al. (2016).

Numerical method

The CCHE (Centre for Computational Hydrosciences and
Engineering) two-dimensional model was used to estimate
the shear stress for this study. The numerical model results
were coupled with the excess shear stress approach to estimate
the bank erosion. The numerical model (CCHE2D) is a two-
dimensional hydrodynamic and sediment transport model de-
signed to simulate unsteady flows in open channel. The model

is based on the finite element grid system. The depth-
integrated two-dimensional equations govern the water flow
computation. The governing equations (Eqs. 2 and 3) for open
channel flow can be written in the following form in a
Cartesian coordinate system:
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where u and v are the depth-integrated velocity components in
the x and y directions, respectively; g is the gravitational ac-
celeration; 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 τyy are 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 the conti-
nuity equation (Eq. 4):

∂Z
∂t

þ ∂ huð Þ
∂x

þ ∂ hvð Þ
∂y

¼ 0 ð4Þ

The turbulence Reynold’s stresses are approximated ac-
cording to Bousinesq’s assumption. Shear stresses on bed
can be evaluated by two approaches in the model: (1) depth-
integrated logarithmic law and (2) by utilizing Manning’s co-
efficient. In the first approach, shear stresses are obtained by
using Eqs. 5 and 6:

τbx ¼ 1

8
ρ f cuU ð5Þ
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Fig. 2 Flood events at Marala
Barrage during the monsoon of
2010
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τby ¼ 1

8
ρ f cvU ð6Þ

where fc is the Darcy Weisbach coefficient which can be ob-
tained after the calculation of shear velocity (u∗) (Van Rijn

1993) and U ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
.The second approach utilizes the

Manning’s coefficient to calculate shear stresses (Eqs. 7 and 8):

τbx ¼ 1

h0:667
ρgn2uU ð7Þ

τby ¼ 1

h0:667
ρgn2vU ð8Þ

The second approach for the calculation of shear stresses is
recommended for practical applications because it is the 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 methodology used to estimate the
excess shear stress and bank erosion rate calculation are de-
scribed in the subsequent section.

Numerical modeling and model settings

The simulation of flows using the two-dimensional numerical
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. The CCHE2D finite ele-
ment model solves depth-integrated momentum equations
for flow simulation with different turbulence closure models.
The details of the flow equations, turbulence closure, and
shear stress approximation are given in the previous section
(BNumerical method^ section). Bank erosion was com-
puted using the excess shear stress approach by cou-
pling the numerical model results which estimated the
shear stress.

The morphology data set for the modeling was taken from
the river survey conducted during 2009–10. The survey was
conducted along the cross sections of the river at 457 m
(1500 ft) interval. The cross-section data covers the width of
river sections from the left external river bank to the right river
bank, covering the entire river width. Topographic data
contained the measured bed elevation or bathymetric (bed
elevation) data with no coordinates. Therefore, the available
topographic data was geo-referenced in the ArcGIS software
prior to loading in the numerical model. Cross section lines
were digitized (using ArcGIS) at a specified distance from
Marala Barrage as these were measured during survey. The
surveyed points were automatically generated on the digitized
cross section lines by using the route tool available in the
linear referencing tool box of the software. Latitude and lon-
gitude fields were added in the attribute table of the shape file
of automatically generated points, and these coordinate values
were using the field calculator tool of ArcGIS. The extracted

latitude, longitude, and elevation values of the points were
then used to prepare the file in a required format (i.e.,
.mesh_xyz) for the CCHE mesh generator.

Study region was defined in CCHE Mesh generator by
digitizing the first and second boundary of the river reach
along the external banks of the river using the loaded topo-
graphic data. Color variation of points (loaded topographic
data) along with the shape files of temporary island helped in
digitizing the boundaries in the mesh generator model (Fig. 3).

Algebraic mesh was generated by specifying the 88 lines in
the J direction (cross sections) and 44 lines in the I direction
(longitudinal sections) after digitizing the flow domain and the
island in the river reach. Different numerical mesh generation
options are available for smoothing of generated mesh. For
this study, TTM orthogonal mesh was selected for smoothing
of generated mesh and then different parameters were evalu-
ated to assess the quality of mesh. Generated two-dimensional
mesh was then converted into three-dimensional mesh using
topographic data which was imported in the CCHE-Mesh
generator in form of point elevations.

Initial and boundary conditions

In this study, two separate simulations were done due to the
limited computational power of processing. The daily flow
data measured atMarala Barrage was used as input hydrograph
in two separate simulations, i.e., February 8 to July 19, 2010
and July 18 to August 10, 2010, respectively. For the second
period of simulation, discharge data (i.e., actual magnitude and
duration) of each flood event was also considered in addition to
the daily flow data.

The initial water level is of key importance as the model
run do not execute if the initial water level is too low as it will
leave too many dry nodes. For this study, the initial water level
was taken as 245.3 m.a.s.l. The water level and the open
boundary condition were taken as outlet boundary condition
to allow the model to calculate the water level based on kine-
matic wave condition.

Bed roughness for island, for semi-stable sand bar, and the
river channel were estimated using the Strickler’s formula
(Eq. 9):

n ¼ 0:04d0:16750 ð9Þ

where n =Manning’s roughness coefficient, d50 = mean diam-
eter of the bed material taken from the gradation curves for
river bed and sand bars/islands.

Manning’s roughness coefficient values for river and
islands were found to be 0.033 and 0.032, respectively. The
negligible difference in roughness coefficient was found due
to the narrow range of sediment sizes as most of the sediment
was categorized as medium sand based on USDA soil
classification.
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Bank erosion rate estimations using the excess shear
stress approach

The bank erosion is predicted by coupling the numerical mod-
el results with the excess shear stress approach. Shear stresses
were calculated by numerical model simulation of the mean
daily flows/flood events basis. The critical shear stress for
river bed material size particles is calculated from Shields’
curve (Shields 1936) which was 0.018 N m−2 and the value
of the exponent Ba^ is taken to be 1.

A sediment particle on a sloping river bank is less stable
than one on the bed (Ikeda 1982). The relationship (i.e.,
Eq. 10) developed by Lane (1955) was used to account for
the gravity force which tend to move the particles downward
on sloping river bank:

τwc
τc

¼ cosθ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

tanθ1
tan∅

�2
 vuut ð10Þ

where θ1 is the bank slope and 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) based on the particle size of the river bank. The
erodibility coefficient (K)was estimated using the relationship
developed by Hanson and Simon (2001) as given in Eq. 11:

K ¼ 2*10−7τ−0:5C ð11Þ

The erodibility coefficient (K) is found by substituting the
value of the critical shear stress in Pa. When all the parameters
(i.e., erodibility coefficient, critical shear stress) for the parti-
cles of bank material were estimated through Eqs. 10–11 and
the applied stress through numerical model simulation were
calculated, then Eq. 1 was used to estimate the bank erosion.

The relationship for the erodibility coefficient (given in
Eq. 11) was revised for the study reach via bank erosion cal-
ibration (i.e., by forcing best agreement between measured
and calculated river bank erosion).

Results and discussion

Flow velocities and shear stress computations

Because the prediction of river bank erosion is based on the
excess shear stress, therefore, the model was run to estimate
the bed shear stresses along the bank for each flood peak event
for the selected duration (February 28 to August 10, 2010).
Contours of the velocity magnitude along with velocity vec-
tors for two flood peaks predicted with the model are shown in
Fig. 4. Results show that the maximum velocity occurs near
the nose of the Shampur groyne and reaches up to 2.8 m/s
(Fig. 5). The groyne at Shampur actually reduces the flow
cross sectional area, thus causes the maximum velocities at
this region. The flow velocities remain higher in the right
branch channel than the left, thus allows the maximum dis-
charge to pass from this side. Therefore, the river cross sec-
tions 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 the left bank. But downstream of
the groyne, the flow velocities are higher due to the reduction
in the flow area.

The bed shear stresses for the study reach calculated
through numerical model simulation for each of the flood
peak/flows are shown in Fig. 6. The maximum shear stresses
are also found at the nose of Shampur Groyne followed by the
stresses downstream of the groyne along the left river bank.

Fig. 3 Digitized domain
boundaries and the island in
CCHE Mesh generator on
topographic data
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The groynes on both sides of the river banks led to increase the
shear stresses similarly as they induced increased flow veloc-
ities. Moreover, similar pattern of shear stresses were found
for the whole study reach due to each flood event as was found
for the flow velocities. The critical shear stress was calculated
using the shield’s curve (1936) by using the median sediment
size. The critical shear stress for the medium sand particles
was estimated as 0.018 N/m. The critical shear stress for par-
ticles on banks is not same as for the one on the bed of the
river. Therefore, Eq. 10 was used to estimate the critical shear
stress for particles on the river bank. The critical shear stress
for the median size particles on the bank is estimated as
0.011 N/m.

The shear stress along the right river bank is plotted in
Fig. 7. The maximum shear stress is computed at a distance
of about 2500 m downstream of Marala barrage as 4.0 N/m2.

From Fig. 7, three locations can be identified for maximum
shear stresses at a distance of 2500, 3450, and 4720m, respec-
tively. The stream velocities are significantly increased in the
middle and the downstream section of the selected river reach
due to constriction of channel width. The width of channel
along the right bank was reduced due to the Shampur groyne.
The reduction in flow cross section area causes the flow to
accelerate in the main river channel. Normally, the high tur-
bulence conditions occur near the nose of the groyne. The
similar findings were observed by Ercan and Younis (2009).
At these locations, the possibility of the bank erosion reduced
due to the placement of groynes. The groynes also cause the
recirculation zone. The groynes reduce the magnitude of shear
stresses near the banks and increase of shear stress in the main
river channel. No erosion at the downstream section of the
groynes may be suggested due to sedimentation because the

Fig. 5 Velocity magnitude
contours and vectors near the
Shampur Groyne for the
discharge of 4223 m3/s during
end of simulation time

Fig. 4 a Velocity magnitude contours and vectors during discharge of 4152 m3/s at 14 h of inflow. b Velocity magnitude contours and vectors during
discharge of 4223 m3/s at end of simulation time
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presence of the recirculation zone favors the sedimentation,
eventually to rehabilitation of the eroded bank (Ercan and
Younis 2009). These findings were also confirmed during
the field visit (Fig. 8).

Prediction of Bank erosion

Figure 9 shows the estimated bank erosion rate along the right
bank for the river Chenab downstream ofMarala Barrage. The
erosion rate is based on the equations established by
Partheniades (1965) and Hanson and Simon (2001). The max-
imum erosion along the right bank is predicted to be 18.7 m at
a distance of about 2500 m downstream of the Marala
Barrage. The values predicted by the excess shear stress ap-
proach were about 4.5 times lesser than calculated from re-
mote sensing images. Similar findings of underestimation for
bank erosion were reported by Clark andWynn (2007), where

the measured erosion rates were two times more than estimat-
ed by Hanson and Simon relation (Eq. 12). Luppi et al. (2009)
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.

Determination of soil erodibility coefficient is not an easy
task due to complexity of inter-particle forces (Simon and
Collison 2001). The soil properties such as dispersion ratio,
soil pH, percent organic matter, etc., are responsible for differ-
ent erodibility and critical shear stress. Therefore, multiple
linear regression relationship was developed by Thoman and
Niezgoda (2008) for the better estimation of the critical shear
stress to modify the critical shear stress and erodibility coeffi-
cient relationship. But could not succeeded to develop the bet-
ter relationship between these two parameters. Some other rea-
sons have also been reported in the literature which involve
predictive errors of up to an order of magnitude. Therefore,
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many researchers have estimated the value of kd from the cal-
ibration of the erosion results (Darby et al. 2010). Moreover,
they suggested that the value of exponent Ba^ in Eq. (1) is not
equal to unity because it is an empirically derived exponent.

Therefore, the erodibility coefficient relationship developed
by Hanson and Simon (2001) was modified (i.e., by forcing
best agreement between predicted using excess shear stress
approach and calculated bank erosion using Landsat images).
Similar approach is used to modify the relationship (Eq. 11) by
many researchers (e.g., Rinaldi et al. 2008; Darby et al. 2007;
Mosselman 1998). Equation 12 is the modified form of the
Hanson and Simon relationship for estimation of the erodibility
coefficient of river banks of the selected river reach:

K ¼ 9� 10−7τ−0:5C ð12Þ

Conclusions and recommendation

The calculated shear stress through numerical modeling was
used in the excess shear stress approach to predict the river
bank erosion along the right bank in the braided reach of River
Chenab, Pakistan. The flows/flood events of 2010 were sim-
ulated using the two-dimensional numerical model. The pre-
dicted bank erosion by excess shear stress approach was com-
pared with the one estimated from Landsat images.
Modification in the erodibility coefficient in the Hanson and
Simon (2001) model yielded better prediction of bank erosion.
The scope of the study is limited by our focus on erosion by
using the excess shear stress approach as the other bank ero-
sion mechanisms have been ignored. Moreover, different sed-
imentary conditions of river banks have also been ignored.
But it is explicit from the study that coupling of numerical
model results with the excess shear stress approach is helpful
in identification of the river bank locations more vulnerable to
erosion which can further be useful for implementing protec-
tion structures along the river banks. The following points can
be inferred from the coupled numerical model results with the
excess shear stress approach:

1. Bank erosion estimation using the excess shear stress
approach is greatly influenced by the erodibility coef-
ficient. The best results for river bank erosion can be
obtained by modifying the Hanson and Simon (2001)
relationship for erodibility coefficient with critical
shear stress. For this study, the bank erosion was esti-
mated with good accuracy (R2 of 0.82) by using the
modified relationship of the soil erodibility coefficient
for the excess shear stress approach.

2. Protection works can be implemented at the locations
which were identified more vulnerable to erosion on the
basis of the results in the present study.

3. The minimum erosion and flow velocities downstream of
the groyne suggest that the protection structures help to
protect the river banks downstream of the bank by creat-
ing the recirculation zone which causes the sedimentation
and eventually protects the river banks to erode.

For the present study, freely available Landsat images of
30-m resolution were used to calculate the bank erosion;
therefore, it is recommended that the high-resolution satellite
images should be used to analyze the difference of the bank
erosion estimated with the freely available remote sensing
images. River bank protection works may be implemented
for similar reaches based on the computation of the model
results. The erodibility coefficient for banks of different sedi-
ment sizes and different river patterns may be established to
correctly estimate the erodibility coefficient with reasonable
accuracy. Finally, it is recommended to analyze the impact of
groyne height and length on the bank erosion for the river
bank protection.
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