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Introduction 
 

Japan, being a country with higher rates of precipitation 

often suffers from mass sediment discharge during high 

rainfall seasons. Higher sediment discharge often leads to 

destruction of bank embankments, flooding of floodplain 

and in worse scenarios flooding of cities. Like alluvial 

rivers, Meandering is a phenomenon common in Bedrock 

Rivers also. A major number of studies conducted to 

understand meandering phenomena have concentrated 

their focus on alluvial meandering .The characteristics of 

meandering in alluvial and bedrock channels are 

noticeably different from one another. To expand our 

understanding of landscape formation, it is vital that we 

understand bedrock channel characteristics as well as 

alluvial channel characteristics.  
 Bedrock channels are channels with very little or no 

alluvium; their bed and banks consist primarily of exposed 

bedrock. They are typically formed in situations in which 

the supply of sediment to a channel is significantly less 

than the sediment transport capacity of that channel. 

Although flow and bed evolution in alluvial meanders is 

well-studied and understood, this is not true for commonly 

observed bedrock meanders, where neither the mechanism 

of erosion nor observed morphology has received much 

attention. The inadequate efforts made to explore 

behaviour of bedrock meanders have confined our 

perception of landscape and topography.  

As meandering is a relatively slow phenomena 

(decades to centuries or more) not particularly conducive 

to experimental study, numerical tools have been 

invaluable for understanding their evolution. The saltation 

abrasion model took into account and tested the efficacy 

of abrading sediment particles to cause erosion of bedrock 

channel bed. This approach bought into attention the 

contradicting effect sediment can have on the bedrock 

erosion- high sediment loads produce more saltating 

particles, but they also tend to produce coverage for the 

bedrock surface, thereby protecting that surface from 

abrasion. In the saltation abrasion models, these 

competing processes are called the tools effect and the 

cover effect, as named by its first observer. The tools 

effect causes increased abrasion in beds of bedrock with 

increased sediment flux, because the number of particles 

colliding with the bedrock surface increases. On the other 

hand, the cover effect has a negative sediment flux 

dependency because higher sediment supply causes 

deposition of sediment in the beds potentially providing a 

cover against further abrasion by colliding particles. 

Efficacy of the tools and cover effect has been tested and 

found effective in various field studies. Some numerical 

and laboratory studies have also confirmed the 

contradicting role sediment plays in determining shapes of 

bedrock channel.  

These limited attempts made to explore the formation 

mechanism of bedrock channels have restricted their 

attention to exploring the effect of vertical erosion in 

bedrock channels. However, having knowledge regarding 

vertical abrasion alone is not sufficient for explaining the 

processes giving rise to bedrock meanders. To understand 

the evolution of bedrock meanders, the factors responsible 

for lateral erosion in bedrock must also be understood. 

The importance of lateral bedrock abrasion has been 

recognized in field observations. The formation of strath 

terraces provides clear evidence of what happens when 

lateral erosion dominates vertical erosion in bedrock 

channels. Some field studies conclude that a climate-

driven increased sediment supply increases the abrasion of 

sediment to the banks of bedrock channels eventually 

increasing the lateral bedrock erosion.  

Previous laboratory-scale experiments intended to 

discover the relationship between erosion and bed load 

particle impact have enhanced our knowledge about the 

efficacy of bed load in straight channels. Their 

experimental results show that lateral erosion rate 

increases with increasing roughness of bedrock bed 

surface. Their findings create a new question for us. As 

sediment supply increases, the unevenness of bedrock 

surface is covered by sediment leading into a declination 

of bed roughness and lateral erosion rate. However, 

previous field survey suggests that strath terraces are 

easily formed when channel bed is almost covered by 

sediment. This implies the possibility that lateral erosion 

rate in the bend of a channel depends not only on 

roughness parameter but also other factors. In addition, a 

recent field visit to Shimanto River in Kochi prefecture of 

Japan served as a motivation to find out (1) why is 

bedrock bench formed near outer bank?; and (2) which 

part of bedrock bank is eroded with increasing sediment 

supply? In this study, the intent is to generalize this 

understanding to the effect of bed load particle impacts in 

a curved bedrock channels, where both lateral and vertical 

erosion play important roles in the formation and 

evolution of the channel. This is the first time an attempt 

has been made to examine the effect of abrading sediment 

in a bedrock bend.  

The morphology of a bedrock channel is determined 

by various factors like climate and discharge conditions, 



sediment load, local tectonics, and rock strength of the 

bedrock. In this study, I have made an attempt to explore 

the role that abrasion of bedrock by sediment particles 

moving as bed load will have in a curved bedrock 

channel. I conducted physical experiments to estimate the 

efficacy and spatial pattern of abrading sediment for 

eroding the bedrock bed and banks in a simple U-shaped 

channel bend with erodible bed and banks. In the 

experiments, the bed was initially covered with a thin 

layer of alluvial sediment in order to include the effect of 

protection of the bed by cover. Multiple experiments were 

conducted to observe the changes occurring in a bedrock 

bend associated with changes in sediment flux. The 

experiments showed that vertical incision had a more 

complex relation with the sediment feed rate, with an 

initial increase in abrasion as the feed rate increased 

followed by a decrease in abrasion of the bed as cover 

effects became important at higher feed rates. However, in 

the bend, lateral abrasion followed a monotonically 

increasing linear relationship with the sediment feed rate.   

 

 

Method 

 

In the first part of this thesis, an attempt has been made to 

understand the process of erosion in Bedrock meanders. 

Several laboratory scale experiments were conducted to 

understand the process of erosion in bedrock channels. 

The focus was on erosion caused due to abrading bedload 

in a bend. This is the first time an experimental study is 

performed in Bedrock bend as shown in Figure 1 and 

Figure 2. Multiple experiments were conducted to observe 

the changes occurring in a bedrock bend associated with 

changes in sediment flux. The experiments showed that 

vertical incision had a more complex relation with the 

sediment feed rate. A u-shaped channel roughly 1/1000 of 

the scale of Shimanto river was used to perform the 

experiments.  

The relationship between sediment flux and vertical 

and lateral erosion in bedrock bend was stablished post 

multiple laboratory scale experiments and on-field 

observations. These relationships were numerically 

implemented and tested to produce desirable results. From 

this study, it was concluded that bank erosion is largely 

effected by sediment supply. It increases linearly with 

increase in sediment. It was also found that, bank erosion 

increases with increase in lateral bedslope, as effect of 

secondary flow decreases. Also, length and depth of bank 

erosion increased with increased sediment flux. We also 

observed the morphological differences in alluvial bend 

and bedrock bend. It was observed that bedrock bends 

largely erode in the center of the channel whereas alluvial 

bends are considered to largely erode in the outer bend of 

the channel.  

Experiments were also conducted using a laboratory 

scale Sine Generated Curve channel to get a more explicit 

outlook regarding the effect of sediment on bedrock 

bends. It was observed that, erosion in bedrock banks is 

primarily caused by bedload. This study, combined with 

results of U-channel study, imply that sediment supply is a 

dominating factor causing erosion in bedrock banks.  

Also, numerical model proposed by Inoue et al. 2015 

was established in this study. The model uses transverse 

bedload transfer rate in order to calculate bank erosion in 

bedrock channels. The model can successfully reproduce 

the laboratory scale experiments. Also, the model 

produced results in agreement with U-channel 

experiments, i.e. lateral erosion increases with increase in 

sediment feed rate, also, increased sediment feed shifts the 

start point of erosion towards the upstream. 

In the second part of this thesis numerical simulations 

were performed to prove that bedrock meanders require 

sufficient alluvial cover and sediment supply for its 

formation and migration. Also, a numerical scale 

comparison of skewness direction in alluvial meandering 

channel and bedrock meandering channels was performed. 

It was observed that, while alluvial channels are prone to 

Kinoshita type meandering, bedrock channels showed 

downstream skewness in the meandering bend. Also, 

effect of bed angle and initial wavelength on skewness of 

bedrock meanders was examined by performing multiple 

numerical simulations. It was found that, bedrock 

skewness was towards downstream irrespective of the bed 

angle. Initial wavelength affects the skewness; it is 

downstream when wavelength is smaller and upstream 

when wavelength increases.  
 
 

U-shaped Laboratory Experiment Details  
 

The flume consisted of soft mortar with erodible bed and 

banks. The flume was 3.88 meters in length with a width 

of 12cm. The height of flume was 10cm, and radius was 

28cm Figure 2.2(a). The scale of flume is taken roughly as 

1/1000 of Shimanto River in Kochi, Japan. A slope of 

0.0075 and constant discharge of 0.0013m
3
/sec was 

maintained. The details of hydraulic conditions are 

provided in Table 1. All of the experiments were run for 4 

hours. Water level and bed elevation were measured every 

0.5 meters of the straight part of flume, using a point 

gauge. A 3 dimensional scan of the flume mold was taken 

using a DotProduct scanner 

 

Table 1: Experimental Conditions (U-shaped Channel) 

Case 

Grain size 

diameter 

d (m) 

Velocity 

 

v (m) 

Discharge 

 

q (m3/s) 

Sediment 

feed rate 

(ml/min) 

Case 1 0.0012 0.532 0.001276 35 

Case 2 0.0012 0.532 0.001276 70 

Case 3 0.0012 0.532 0.001276 100 

Case 4 0.0012 0.532 0.001276 140 



 
Figure 1 Details of U-channel 

 

 

 
Figure 2 Flume consisting of soft mortar showing 

definitions of bank erosion starting and end point.  

 

 
Results of U- Channel Experiment 
 

 
 

 
  

Figure 3 (a) Bank erosion magnitude with respect to bed 

load. (b) Bed erosion magnitude with respect to bed load.  

Figure 3 shows the behaviour maximum lateral and 

vertical erosion follows with respect to an increase or 

decrease in bed load. It was found that lateral abrasion 

increased linearly with increase in sediment feed rate, 

shown distinctly in Figure 3(a).  On the contrary, it is 

evident from Figure 3(b) that vertical abrasion did not 

share a linear relationship with sediment feed rate. 

Increasing the sediment feed rate initially increased the 

depth of bed abrasion and then showed a decline in 

magnitude of bed abrasion. The bed abrasion depth 

increased up to the sediment capacity condition, it 

thereafter started showing a decline. 

 
 
Numerical Simulations in Sine Generated 
Curve 
 
A laboratory scale experiment was carried out to 

understand the interaction between sediment and banks of 

a bedrock channel. The experiments were performed at 

laboratory of Civil Engineering Research Institute for 

Cold Region (CERI) in Sapporo, Japan. A flume shaped 

of Sine Generated Curve was constructed, as shown in 

Figure. 4. The flume majorly consisted of weak mortar. It 

consisted of erodible bed and bank. The length of the 

flume was 3 meters and width was 5 cm. The banks of 

flume were 10 cm high. A small width flume was used to 

closely observe the effect of sediment on banks of flume. 

Water discharge rate, channel slope, sediment feed rate, 

and bed load grain size were kept constant throughout the 

experiment. The bed was covered initially with sediment. 

The initial alluvial thickness for bed was 0.5 cm. The 

sediment used as an alluvial cover for bed was the same 

size as the sediment supplied as load.  

 

         Figure 4 Sine Generated Curve experiments 

 
In this study, laboratory experiments show that the 

sediment supply can cause abrasion in banks of bedrock 

channels. In the above mentioned experiment, the bank 

erosion occurred primarily due to bed load abrasion. This 

shows that sediment supply can be one of the dominant 

factors causing lateral erosion in bedrock meander. 

Numerical simulations were performed to identify the 

effect of changing sediment supply on the channels of the 

bank. The governing equations for a two-dimensional 

plane flow field are based on the numerical model 

proposed by Asahi et al 2013. The vertical erosion rate of 

bedrock bed is calculated by following equation.   
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where  ηb is the elevation of bedrock layer, βbed is the 

abrasion coefficient of the bed.  

 

Following equation is used for the areal fraction of 

alluvial cover Pc. 

 

0

1

L for La apc for La

 



 








 

 
The bedrock bank erosion is calculated the following way: 

The saltating gravel particles strike riverbed under the 

influence of gravity, making the magnitude of bedload 

transport rate, one of the controlling factors for erosion 

rate of bedrock bed (Sklar and Dietrich 2004). However, 

the erosion rate of bedrock bank not necessarily depends 

on the magnitude of bedload transport rate (Inoue 2015). 

For instance, in case of gravel moving parallel to the 

bedrock sidewall, the number of gravel hitting the 

sidewall is theoretically zero. The experimental result of 

Jagriti et al. (Jagriti et al 2016) showed that the bedrock 

bank erosion rate in straight channel is almost zero. Inoue 

assumed that the erosion rate of bedrock bank nbank (nb-

right, nb-left) depends on lateral bedload transport rate 

qb,y (Inoue 2015) 
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where βbank is the abrasion coefficient of the bank, y = 0 

denotes the lateral position of the right bank, y = b denotes 

the lateral position of the left bank. Lateral direction is the 

transverse direction of the channel.  Lbank is an estimate of 

the distance of the boundary layer over which the 

transverse bedload rate decreases to zero at the bank. In 

our study, Lbank is taken as 10% of the channel width.  

 

Figure 5 shows reproduction of laboratory scale 

experiments. It was found that the model could 

qualitatively and quantitatively reproduce the results. The 

model could trace the bank erosion, and mimic the 

behaviour of erosion in left and right banks.  

 

Figure 6 shows the magnitude of erosion in simulation 

and laboratory experiments. It can be said that the 

produced model can also reproduce the laboratory scale 

bank erosion magnitude. 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect of Sediment rate on erosion 
 
Simulations were conducted to see the effect of increasing 

sediment supply on bedrock erosion through numerical 

simulations. Table 2 shows the hydraulic conditions used 

to perform the calculations. The flume configuration is 

taken same as Sine Generated Curve experiments.  

 

 

Table 2: Experimental Conditions  

Cases Sediment feed rate (m
2
/sec) 

Case 1 1*10
-5

 

Case 1.2 1.2*10
-5

 

Case 1.5 1.5*10
-5

 

Case 1.7 
1.7*10

-5 

 
(Same as lab experiments) 

Case 2 2*10
-5

 

Figure.5 Comparison of bank erosion width in simulation 

results with laboratory experiment results. 

Figure.6 Comparison of location of maximum bank 

erosion depth, measured from upstream end. 

 

 

 



 

 
 
 
 

Figure. 7 shows the counter map of areal fraction of 

alluvial cover (Pc in Eq. 5) in simulation results. The 

Curve 1 in simulation results is red, indicating the alluvial 

cover. The yellow or green colour in simulation results 

represent exposed bedrock. The upstream end and inner 

bend tend to be covered with sediment. This tendency is 

in agreement with laboratory experiments.  

The sediment supply was varied; keeping other 

hydraulic conditions same as in Case 1.7. In Case 1, when 

the sediment feed rate is 1*10-5m2/s, the bedrock is 

exposed (represented by yellow colour) in curve 1. As the 

sediment input is really low, the width of alluvial point 

bar becomes narrower than the channel width. Since very 

less sediment flowed towards the outer bend, the outer 

bend does not erode laterally.   

As the sediment input was increased from Case 1 to 

Case 2, more sediment got deposited in the curves closer 

to upstream end (represented by red colour). With 

increase in sediment supply, the alluvial point bar got 

wider. With increase in width of alluvial point bar, more 

sediment flowed towards the outer bend leading into 

higher lateral erosion.  

This relationship between sediment supply and lateral 

erosion is evident in Figure. 8 where lateral erosion depth 

of Curve 1 and Curve 3 in each case is compared. An 

increase in erosion depth due to increasing sediment 

supply is prominent in Curve 1 than Curve 3. This 

happens as the effect of higher sediment decreases as the 

distance from the upstream end increases as a lot of 

sediment gets deposited in bends closer to upstream, 

decreasing the amount of sediment that can flow towards 

downstream end.  

 

 

Skewness in Meandering Channels 
 

A very well-known meandering shape, often called as 

“Kinoshita type meandering” was first observed in 

Ishikari river of Japan. Kinoshita type meanders are 

asymmetric unlike sine generated curves. They are 

characterized by having multiple point bar growths in the 

inner bank of large-amplitude meander bends. Kinoshita 

type meanders are a common sight in alluvial rivers with 

high curvature and high amplitude bends (Parker et al. 

1983, Kinoshita and Miwa 2009). Kinoshita meanders 

bend tilts towards the upstream. 

During a field visit to a bedrock river, Shikaribetsu in 

Hokkaido region of Japan, we observed that the tilt of 

bend was towards the downstream of the upstream of 

river. The characteristics of meandering in alluvial and 

bedrock channels are noticeably different from one 

another; the difference in tilt direction of bend is one such 

example.  

 

 

 
 
 
 
 
 

Figure 7 Simulation results showing 

dimensionless areal fraction of alluvial cover 

 

Figure 8 Effect of sediment feed rate in 

simulations. Comparison of bank erosion depth in 
(a) Curve 1 and (b) Curve 3. Sediment feed rate 

increases from Case 1 to Case 2. 
 

 



Figure 9 shows the reproduction of skewness observed on 

field. The Bedrock meander shows downstream skewness 

whereas the alluvial meanders show Kinoshita type 

meandering, i.e. upstream skewness. Figure 10 shows 

effect of bed angle and wavelength on skewness of 

bedrock channel.   

 

 
 

 

 

 
Figure 10 First two images show effect of different bed 

angles, later two show effect of wavelength on skewness 

of bedrock channel.  

 
Conclusion 
 
An increase in sediment supply accelerates bank erosion 

and inhibits bed erosion. Increase in sediment supply 

increases length and magnitude of bank erosion. It also 

makes the effect of lateral slope dominate over effect of 

secondary flow. Increase in sediment discharge also shifts 

start point of bank erosion towards upstream. Bedrock bed 

is dominantly eroded in the centre of the channel.  

The presented bedrock model can reproduce the 

laboratory scale results qualitatively. The experiments and 

simulations performed prove that bed roughness alone is 

not responsible for erosion. Sediment supply plays a key 

role in migration of bedrock meanders. The presented 

model could also reproduce on-field observed 

morphological skewness in Shikaribetsu river of Japan. 

The simulations performed to explore the skewness in the 

bedrock meanders also suggest that: the direction of 

bedrock skewness remains towards the downstream 

irrespective of the bed angle, When the initial wavelength 

is short, bedrock shows downstream skewness, When the 

initial wavelength is long, bedrock shows upstream 

skewness Or change towards a natural wavelength.  

 
 

Future Work  
 
Although, the model presented in this study can 

successfully trace bank and bed erosion in bedrock 

meanders, the sediment supply and rock strength of 

bedrock banks dominantly affects the erosion rate in 

bedrock meanders. Especially in colder regions like 

Hokkaido, where rivers often suffer from freezing 

temperatures, followed by thawing seasons, the rock 

strength of bedrock is severely affected by the freeze-thaw 

cycles it goes through. The present model cannot calculate 

the effect of freeze-thaw cycles on bedrock channels. 

Several past studies have increased our understanding of 

relationship between porosity and sediment production 

due to freeze thaw. Previous model can estimate the 

amount of sediment production due to freeze-thaw. One 

can extend these studies to understand the effect of freeze-

thaw on rate of bank and bed erosion.  

I suggest to explore the effect of freeze-thaw 

weathering on channel bank and bed erosion rate and 

enhance our current model to enable it to deal with the 

effect of freeze-thaw cycles; and be able to trace and 

reproduce bed and bank erosion influenced by weakened 

frozen-thawed rocks.  
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Figure 9 Skewness in alluvial and bedrock channel 

 

 


