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Hello, everyone. My name is Yoshihiko  Shimizu. I’m research & Training Advisor, ICHARM.
Today, I’m going to give a lecture on sediment-related disasters.
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My lecture consists of three parts.
The first part covers the fundamentals of sediment transport.
We will begin by looking at the landscape of a river basin from the perspective of sediment movement and transport.
This will be followed by an introduction to the fundamental dynamics of sediment transport.
The second part focuses on debris-flow disasters.
We will first look at the basic mechanics of slope failure and debris flows, followed by some examples of debris-flow disasters and measures to mitigate their impacts.
The third part focuses on flood disasters caused by channel migration and morphological changes.
The discussion begins with the relationship between channel meandering and bank erosion.
We will then examine alternate bars, low-flow channel meandering, and their effects on bank erosion.
Finally, some measures to prevent and mitigate bank erosion will be introduced.
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Now, let‘s start the first part by explaining the landscape of a river basin.

The figure on the left shows the longitudinal profile of a river. 
The vertical axis represents the riverbed elevation, while the horizontal axis represents the longitudinal distance from the sea toward the headwaters in the mountainous area.

The curve shows the elevation of the riverbed along the river.　
The slope of this curve represents the riverbed gradient.　

Now, we　can see  how the river landscape changes from the headwaters in the mountains down to the sea.
First, let us look at the headwater area in mountainous region. 
In this areas, various sediment-related phenomena occur, such as slope failures, landslides, and debris flows. 
Therefore, this is an area where sediment production is very active.

As the river leaves the mountainous area, it enters an alluvial fan.
In this area, sediment produced in the mountains tends to deposit, often forming a braided river channel.
In a braided river, the channel has a wide zone in which it can migrate laterally, and island-like landforms are often formed. 

In the middle reaches of a river, flooding often causes sediment to be deposited over the surrounding floodplain. 
This deposition can gradually raise the riverbed and lead to the formation of a raised-bed river.
Bank erosion is also often very active in this region.

Further downstream, an alluvial plain extends over a wide area. 
Here, the river tends to meander with relatively large amplitudes. 
Point bars also develop along the channel, and their development is closely associated with channel meandering. 
In addition, natural levees are formed on the floodplain as a result of repeated flooding and sediment deposition.

Finally, near the river mouth in the most downstream reach, a delta is formed. 
Fine sediment tends to accumulate in this area, gradually creating new bars. 
The river flow is also strongly influenced by tidal water-level fluctuations at the mouth, and the channel slope becomes extremely mild, almost flat.
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Now, we will look more closely at the topographic characteristics of the river basin, starting from the mountainous area. 

This figure shows how sediment from the hillslopes is supplied to mountain streams. 
Sediment is produced by processes such as slope failures, gully erosion, and debris flows. 
The eroded materials then move downslope, sometimes becoming fluidized and flowing downslope toward the river channel.
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This figure shows how the river flows out of the mountainous area and enters an alluvial fan. 
The upper part of the alluvial fan is called the fan apex. From the fan apex, the river flows downstream while forming a relatively straight channel.

The channel slope in this area is relatively steep for a river. 
As shown in this figure, the river is now confined by levees. 
However, without levees, the channel could migrate laterally over a much wider area 
and may develop a braided channel pattern with multiple flow paths.

On an alluvial fan, sediment produced in the mountainous area is transported downstream and tends to deposit. 
At the same time, 
because the channel slope is relatively steep, the flow has high erosive power, making bank erosion more likely to occur.
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Next, let’s look at the different types of bars and channel patterns.

The figure 1 shows a braided river. Many island-like bars are formed within the river, and the flow is divided into multiple channels.
 
The figure 2 shows double-row bars. The main flow channel repeatedly divides into two channels, joins again, and then divides once more, forming a periodic channel pattern.
 
In contrast, the figure 3 shows alternate bars, which tend to form when the river width is relatively narrow and the channel is laterally confined.
 
Once these bar patterns develop, the main flow may approach the riverbanks and cause bank erosion. If the erosion continues toward the levee, it may eventually lead to a levee breach.




Meandering rivers are common in alluvial plains.
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As shown in this figure, large-scale meandering develops in the downstream part of the alluvial plain. 

In Japan, extensive paddy fields and wetlands are often found along such rivers.
This type of landscape is characteristic of the downstream reaches of an alluvial river system.

http://upload.wikimedia.org/wikipedia/commons/a/ae/Tone_River.JPG
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This map is called a flood-related landform classification map.
You can see a straight river confined by levees runs through the center of the map. 
The areas shown with blue stripes indicate former river channels, or abandoned channels.
And the yellow areas represent slightly elevated landforms created by sediment deposition during repeated river flooding. 
These landforms are called natural levees which I will be explain later.

The presence of many former channels indicates that flooding and channel migration have occurred repeatedly in this area. 
Each time flooding occurs, sediment transported from upstream is deposited over the surrounding floodplain, 
gradually shaping the local landforms. 

At the river mouth, we can also see the formation of a delta. We can also see that this is a depositional landform.
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Now, let us look at natural levees.
The figure A shows natural levees formed by sediment deposition along a river channel. 
The figure B shows natural levees developed along the former channel, with many settlements located on these slightly elevated areas.
The figure C illustrates how natural levees develop through repeated flooding.
During each flood, fine sediment overflows the riverbank and is deposited along both sides of the channel.
As this process is repeated, the natural levees gradually become higher than the surrounding floodplain. 

They are less likely to be inundated than the surrounding lowlands. 
For this reason, settlements have historically tended to develop on natural levees.




km

Average riverbed height
Deepest riverbed height

R
iv

er
be

d 
el

ev
at

io
n(

m
)

Longitudinal distance from the river mouth

Longitudinal section of the Kiso River

Segment-1

Segment-2

Segment-3

(YAMAMOTO Koichi)

Longitudinal bed 
gradient of an 
alluvial river is 
generally made 
up of a number 
of sections with 
roughly the same 
bed gradient.

1.Fundamentals of Sediment transport
1) Landscape River Basin

Segment2-2

Segment2-1

プレゼンター
プレゼンテーションのノート
So far, we have looked at how river landscapes change from mountainous areas to the river mouth.
As I mentioned before, different river landscapes are formed according to the channel slope.
To organize these characteristics systematically, the concept of river segments are introduced.

Let us look at the figure showing the longitudinal profile and channel slope. 
The vertical axis represents the riverbed elevation, while the horizontal axis shows the longitudinal distance from the river mouth toward the headwaters.
 The dotted line shows the average riverbed elevation, and the black solid line shows the deepest riverbed profile.

If we look from the upstream area toward the downstream area, we can see that the riverbed profile can be roughly divided into several sections, each of which can be approximated by a straight line.
This classification, in which the longitudinal river profile is divided into several straight sections, is called segment classification.
Starting from the upstream area, the alluvial fan reach is classified as Segment 1. Further downstream, in the alluvial plain, the upstream part is classified as Segment 2-1, while the downstream part is classified as Segment 2-2.

 Finally, the very flat reach near the river mouth is classified as Segment 3.
The concept of river segments was proposed by Dr.Koichi Yamamoto, a well-known Japanese river engineer.
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Using this segment classification, we can systematically classify the various characteristics of rivers within a river basin, as summarized in this table.

Segment M represents the mountainous reach. 
Segment 1 generally corresponds to the alluvial fan reach. Moving farther downstream, Segments 2-1 and 2-2 are mainly found in the alluvial plain, particularly in areas characterized by natural levees. 
Finally, Segment 3 corresponds to the very low-gradient downstream reach, generally associated with deltaic areas near the river mouth. 

Let us first look at the representative bed-material size. In Segment M, sediment production is very active, so a wide range of sediment sizes can be found. 
In Segment 1, bed-material size is generally larger than about 2 centimeters, and much larger particles may also occur. 
In Segment 2, the bed material gradually becomes finer, ranging from gravel-sized material to sand. 
Finally, in Segment 3, the bed material is generally finer than about 0.3 millimeters, like slit and clay.

We can also characterize each segment by its channel slope as shown in this table.

There are also clear differences in channel planform and meandering characteristics. 
Segment 1 tends to have a relatively straight channel, and bank erosion can also be very active.
In contrast, in the alluvial plain, particularly in Segment 2, meandering can develop actively.

The concept of river segments provides us with a useful framework for understanding the various characteristics of rivers throughout a river basin.
This table was originally developed based on Japanese rivers. However, river characteristics vary from country to country. 
Therefore, it is important to develop this kind of segment classification table for rivers in each country.
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Next, I will introduce the fundamentals of sediment transport mechanics.
Here, we focus on how to formulate the bed shear stress, which is denoted by tau_0.
Bed shear stress is one of the most important forces governing sediment transport. 
It acts as the driving force that entrains and moves sediment particles on the riverbed.

Here, the x-direction represents the flow direction, and we consider a two-dimensional flow field in the vertical plane.
The blue box represents a control volume of water, and we consider the balance of forces acting on this control volume.
We assume uniform flow, which means that the flow depth and flow velocity do not change in the flow direction.
Under these conditions, the forces acting on the control volume are in balance. Therefore, there is no acceleration in the flow direction, and the water flows downstream at a constant velocity.

W represents the weight of the water in the blue control volume. The component of this gravitational force in the x-direction is Wsinθ. 
This force is balanced by the frictional force acting on the riverbed. This force balance is expressed by Equation (1).
The weight W can be expressed as ρgV.
where ρ is the density of water, ｇ is the gravitational acceleration, and Ｖ is the volume of the blue control volume. This gives Equation (2).
On the other hand, the frictional force acting on the bed can be expressed using the bed shear stress, tau_０. 

The bed friction force is equal to the bed shear stress multiplied by the area over which it acts as shown in Equation (3).

Substituting Equations (2) and (3) into Equation (1), we obtain Equation (4). This is the basic equation for the bed shear stress.
Next, let us introduce u*, which is called the friction velocity. It is defined as Equation (5)
This friction velocity has the dimension of velocity.
You can see from Equation (5), both the bed shear stress and the friction velocity increase as the flow depth or the channel slope increases.
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Next, I would like to explain the different modes of sediment transport.
This figure illustrates how sediment particles move along the riverbed in the flow direction. 

Let’s see, let’s look at the red particle on bed surface, this particle moves downstream while remaining in continuous contact with the riverbed,
And it is transported along the riverbed by sliding or rolling over other particles.
This mode of sediment transport is called bed-load transport, or simply bed load.

The important point is that, in bed-load transport, sediment particles move while remaining in contact with, or very close to, the riverbed.
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The figure 1 shows sediment particles moving downstream by making a series of short jumps along the riverbed. 
This type of particle motion is called saltation.
As the flow velocity increases or the channel slope becomes steeper, sediment particles may begin to move by saltation.

On the other hand, the figure 2 shows suspended-load transport. 
Sediment particles are entrained from the riverbed into the water column and transported downstream while remaining suspended in the flow.
After traveling some distance, the particles may settle back onto the riverbed. 
They may then be entrained again into the flow and transported farther downstream. 
This repeated process of entrainment, suspension, transport, and deposition occurs continuously in rivers.
The main difference is how far the sediment particles move away from the riverbed during transport.
In particular, as the particle size becomes smaller, finer sediment particles are more likely to be transported in suspension.
 In other words, suspended-load transport becomes dominant for finer particles.
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Next, let us consider the critical condition for the initiation of bed-load motion. 
Here, we will formulate the condition under which a sediment particle just begins to move.
The figure shows a riverbed inclined at an angle θ in the flow direction. 
A sediment particle is resting on the bed.
Two forces act to move the particle downstream. 
The first is the component of the particle weight in the flow direction, Ｗsinθ. 
The second is the force exerted by the flowing water on the particle, which is called the drag force, denoted by Ｄ.

On the other hand, a frictional resisting force,F, acts against the motion of the particle.

At the threshold of motion, the driving forces and the resisting force are in balance.
This force balance is expressed by Equation (6).

W represents the submerged weight of the sediment particle.
 Here, ρ is the density of water and σ is the density of the sediment particle, 

The friction force Ｆ is formulated by the normal force acting on the particle multiplied by μｓ,
the friction coefficient.

The force Ｄ is the drag force exerted by the flow on the particle. 
It can be expressed in a form proportional to the square of the flow velocity around the particle.
Finally, the flow velocity at the center of the particle can be related to the friction velocity, u*, as
u=A*u*
where A* is a coefficient　given by a velocity profile like a logarithmic low.
Substituting these relations into Equation (6), we obtain Equation (7). 

From this equation, we can derive the critical dimensionless shear stress, denoted by
tau*c .
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The critical dimensionless shear stress is also referred to as the critical Shields stress, or the critical Shields parameter.
In this figure, the vertical axis represents the critical Shields number, the horizontal axis represents the particle Reynolds number, defined using the critical friction velocity, u*c, and the particle diameter, d.
This figure is called the Shields diagram.

In this figure, a threshold line which is called the Shields curve is shown by the dotted line. 
The black solid line also represents a threshold line given by the Iwagaki formula, proposed by Prof. Iwagaki of Kyoto University in Japan.

If a point is plotted above threshold curves, the sediment particles can move. In other words, the applied shear stress exceeds the critical value for the initiation of motion.

On the other hand, if a point is plotted below these curves, the sediment particles remain at rest and do not move.

On the horizontal axis, when the particle Reynolds number becomes larger than about 200, the Shields curve becomes almost constant.
This range of particle Reynolds numbers is applicable to natural rivers.
By using the Iwagaki formula, the critical Shields parameter approaches approximately 0.05

So, in many practical river conditions, we can use 0.05 as an approximate critical Shields parameter.
Using Equation (8), we can determine whether sediment particles of a given diameter, d, will move or remain at rest.
The friction velocity, u*, can be expressed from the equation (5)
Therefore, under a given hydraulic condition, the particle diameter d that satisfies Equation (8) corresponds to the critical particle size at the threshold of motion.
Particles smaller than this critical size can generally be transported, while larger particles tend to remain at rest.
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Now, let us move on to Chapter 2, we focus on Debris-Flow Disasters.
In this chapter, we will look at the disaster processes that occur in the upstream part of a river basin.
First, let us study slope failure and then the mechanics of debris flows.




July 2014, Nagiso Town, Kiso District, Nagano Prefecture, Japan
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Fig. 1 shows an example of a debris flow disaster in which heavy rainfall in a mountainous area triggered a slope failure, which subsequently caused a debris flow.

Fig.2 shows a debris flow overtopping a sabo dam, or check dam.

At the front of the debris flow, relatively large particles are concentrated, while finer sediment follows in the later part of the flow.
In this case, the debris flow traveled at a velocity of about 3.8 meters per second.
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First, let us formulate the mechanical condition for slope failure, which is the main trigger of debris-flow initiation.
This condition is expressed by Equation (9), which represents the condition for slope sliding.
Here, F is the factor of safety, defined as the ratio of the resisting force to the driving force.
In other words, the denominator represents the force that tends to make the soil mass slide, while the numerator represents the force that resists sliding.
The driving force acting downslope is the component of the soil mass's weight acting parallel to the slope.
On the other hand, the resisting force is mainly provided by the shear strength of the soil.
Here, let me explain the shear strength of soil.
As shown in figure 3, the shear strength is expressed as the normal stress σ　multiplied by the tangent of φ, plus Ｃ:
Here, φ is called the internal friction angle, and Ｃ represents the cohesion of the soil.
This equation represents the shear strength of soil, or the resistance of the soil against sliding.
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Next, let us formulate the mechanical condition for the initiation of a debris flow.
The figure 1 shows a sediment deposited layer on a slope with an angle of θ. 
The thickness of this layer is Ｄ, and there is surface water flow with a depth of h0 above the deposited layer.

In this figure, the shear stress acting in the downslope direction is represented by the triangular distribution.
On the other hand, the shear resistance acts in the opposite direction, resisting the downslope movement of the sediment in deposited layer.

Now, let us look at the figure 2. Here, we consider the forces acting from the bed surface of the deposited layer down to a depth a.
The dashed line represents the shear resistance, while the solid line represents the shear stress that tends to move the deposited layer downslope.
Therefore, whether a debris flow occurs or not depends on the balance between these two stresses.

In Case (a) in Fig.2a, the solid line exceeds the dashed line within the layer of thickness a. This means that the driving shear stress is greater than the shear resistance within this layer.
Therefore, the sediment within the thickness a becomes unstable and can start to move downslope　as a debris flow.

On the other hand, in Case (b) in Fig.2b, the solid line exceeds the dashed line throughout the entire deposited layer of thickness D.
This means that the driving shear stress exceeds the shear resistance over the entire sediment layer. Therefore, the entire sediment layer becomes unstable and can start to move as a debris flow.

Equation (12) gives the shear stress at a depth a.
Equation (13) gives the shear resistance at the same depth a.
Please check carefully how these two equations are derived.
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Now, Regarding mass movements, the differences among water flow, the movement of a sediment mass, and debris flow will be discussed.

First, let us consider water flowing down a slope.
As I’ve already explained, when there is a slope, water flows from a higher elevation to a lower elevation. 
Even if the difference in elevation is very small, water can flow toward the lower side.

Based on basic knowledge of fluid mechanics,　the shear stress can be  expressed in terms of flow velocity, it can be written as Equation (10).
Here, f is the friction coefficient of the bed.
By rearranging Equation (10) and using Equation (4), we can eliminate tau_0 and obtain Equation (11).
Equation (11) shows that the flow velocity is proportional to the square root of the bed slope.
So, as the bed slope becomes steeper, the flow velocity increases.
The result given by this equation is very important for physically understanding river flows 
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On the other hand, let us consider the movement of a dry sediment mass, consisting of sand, gravel, or rocks without water.
Unlike water flow, a sediment mass does not start moving on a gentle slope.
The slope must become sufficiently steep before the sediment mass begins to move.

This is because the sediment particles are in contact with and interlocked with each other. 
This interlocking between particles produces resistance against movement.
Therefore, a certain critical slope is required for the sediment mass  to move downslope.




Debris flow lies between these two types of flow.

A debris flow does not occur unless the slope 
exceeds a certain critical value. 

These critical slopes depend on the grain-
size composition of the sediment.

Water
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Mechanical Characteristics of Debris Flows
1. A debris flow is a mixture (continuum) of solid materials, such as 

soil, sand, gravel, and boulders, and water. It moves downslope 
under gravity as the driving force.

2. It is a flow phenomenon in which water plays an important role. This 
differs from slope failures and landslides, where a soil mass itself 
moves mainly by sliding or rotational motion.

3. However, the motion of a debris flow is quite different from that of 
water flow alone. Water can flow whenever there is a slope, 
whereas a debris flow cannot develop or continue to flow unless the 
slope exceeds a certain critical value.

Fig.2

Fig.1
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Now, let us consider the case of a debris flow.
A debris flow can be regarded as something between water flow and the movement of a dry sediment mass. 
It is a mixture of water and sediment, including soil, sand, gravel, and sometimes larger rocks.

A debris flow does not occur without water.
And a debris flow does not occur when the slope is below a certain critical angle. 

This is because resistance is generated by interlocking between sediment particles and, in some cases, by cohesion.
However, when the sediment contains water, it becomes more easily fluidized and can move more easily than a dry sediment mass.

The critical slope for the initiation of motion also depends on the grain-size composition of the sediment.
Now, please look at the Fig.2. It shows how the mode of sediment movement changes with the slope angle. 
On relatively steep slopes of around 30 degrees, sediment may move as mass movement. 
At slopes of around 15 degrees, debris flows can occur. 
As the slope becomes much gentler, the sediment is transported in other forms, such as bed load and suspended load, as we discussed before.
The main mechanical characteristics of debris flows are summarized in points 1, 2, and 3 here. Please review these points carefully.
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In this study, we focus such a process by using the proposed numerical simulation, which is composed of the particle-fluid multiphase flow 
analysis by using the Distinct Element Method coupled with the unsteady 1D flow calculation. 

Distinct Element Method coupled with the unsteady 1D 
flow calculation. 
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These figures show the numerical simulation of a debris flow moving down a slope.
In this numerical simulation, we use the Discrete Element Method, or DEM. 
In this method, the equations of motion for a large number of individual particles are solved to simulate the movement of a debris flow.

Please look at Fig.1. Initially, the particles and water that will form the debris flow are stored in the upstream section. They are then released and allowed to flow downstream.
A sediment layer is placed on the bed over a distance of about 160 meters. 
At the downstream end, a sabo dam is installed. 
A sabo dam are set so that the debris-flow sediment cannot pass through the dam, while water can pass through it.

Now, please look at Fig.2. The area enclosed by the orange line box indicates the initial volume of the debris flow. 
The blue line represents the water surface. 
After the debris flow is released, the mixture of water and sediment moves downstream over the deposited sediment layer.

In the animation, you can see the debris flow moving downstream and sediment finally accumulating at the sabo dam.

Fig.3 shows the final volume of sediment trapped at the sabo dam, indicated by the orange triangular area.
We can see that the volume of the debris flow has increased considerably compared with the initial condition as indicated by  the orange line box in Fig.2.

Why does its volume increase?
As the debris flow moves downstream, it entrains sediment from the deposited layer. In other words, the debris flow incorporates material from the sediment deposited layer into the flow itself.
As a result, the debris flow grows in volume as it travels downstream.

This process is called debris-flow entrainment. 
This increase in debris-flow volume can greatly increase the magnitude of damage in downstream areas.
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This figures also show a particle-based simulation using the Discrete Element Method, similar to the previous example.
The sequence of figures shows the development of the debris flow, starting from the initial condition in Fig.1, then moving through Fig.2 and Fig.3, and finally reaching the sabo dam in Fig.4.

In this simulation, the particles initially forming the deposited sediment layer are colored red.
This makes it possible to see how much bed material is incorporated into the debris flow as it moves downstream.

If we compare the initial amount of sediment stored at the upstream end with the final amount deposited at the sabo dam, 
we can clearly see that the debris flow has entrained a large amount of the red bed sediment. 
As a result, the total volume of the debris flow increases considerably as it moves downstream.

Now, let us look at Fig.3. This is a view of the front of the debris flow.
You can see that larger particles tend to concentrate at the front of the debris flow. 
This is a characteristic feature of debris flows and is often observed in actual debris flows.

Therefore, this simulation successfully reproduces two important characteristics of debris flows:
 the increase in volume due to the entrainment of bed sediment and the concentration of coarse particles at the debris-flow front.
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Now, let us look at an actual debris-flow disaster.
This figure shows the devastating debris-flow disaster that occurred in Vargas State, Venezuela, in December 1999.
The photograph shows that many houses were buried or destroyed by debris flows.
This was one of the most catastrophic sediment-related disasters in Venezuela. 
The number of deaths is uncertain, but some reports say tens of thousands of people died.

Now, please look at the figure on the left. 
The area enclosed by the black solid line indicates the area where debris flows were generated, transported downstream, and eventually deposited.
The areas shown in red indicate the main debris-flow deposition zones.
Thus, a large amount of sediment produced in the mountainous area was transported downstream by debris flows and deposited over the populated area, causing catastrophic damage.
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These photographs were taken during a field investigation after the disaster.
A huge amount of sediment was transported downstream by the debris flows. 
As you can see, even very large boulders were transported over considerable distances and deposited downstream.

And  you can see that very large boulders reached quite high levels of an apartment building and caused severe damage.

Farther downstream, the transported material became relatively finer and many houses were deeply buried by this finer sediment.
It was reported that approximately 330,000 people were affected by this disaster.

These photographs clearly demonstrate the destructive power of debris flows, from very large boulders to finer sediment.




Shinji Egashira and Takahiro Itoh(2004)
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These figures show the results of a two-dimensional debris-flow simulation conducted by Prof. Egashira and Dr. Itoh.
Fig.2 shows the temporal evolution of the area reached by the debris flow. 
Fig.3 shows the spatial distribution of the maximum debris-flow depths.

The simulation result gives maximum flow depths of approximately 7 to 9 meters in the severely affected area.
These calculated maximum flow depths are in good agreement with the height of the damage marks observed on the apartment as shown in Fig.1.

Such debris-flow simulations can be used for risk assessment, for example, to support land-use restrictions. 
They are also useful as a non-structural measure for disaster risk reduction, such as developing debris-flow hazard maps.
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Finally, let me introduce some structural countermeasures against debris flows.
Fig.1 shows a steel wire-net barrier capturing debris-flow materials. 
This type of structure allows water to pass through while trapping debris-flow materials, particularly large boulders and coarse sediment. 
In this way, it can reduce the amount of destructive materials reaching downstream areas and thereby reduce debris-flow damage.

Fig.2 shows another type of permeable sabo dam, consisting of a steel grid structure. 
Large boulders and other coarse materials are trapped by the steel grid, while water and finer sediment are allowed to pass downstream.

By installing these structures in mountainous areas, we can significantly reduce the risk of debris-flow disasters.
However, it is practically difficult to install such structures in every mountain stream and valley where debris flows may occur.

Therefore, structural measures alone are not sufficient. 
We also need non-structural measures, such as debris-flow monitoring and early-warning systems, so that people living downstream can evacuate before a debris flow reaches them.

In other words, effective debris-flow disaster management requires a combination of structural and non-structural measures.
That concludes my explanation of debris-flow disasters and their countermeasures.
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Now, as the third topic, I would like to discuss flood and sediment-related disasters occurring in the middle and lower reaches of rivers, particularly in floodplain areas.
In this section, I will mainly focus on flood and sediment disasters caused by channel migration and changes in river-course morphology.
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Flood and sediment disaster in Hokkaido (2016)
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These figures show examples of flood and sediment disasters caused by channel migration in Japan, mainly in alluvial-fan areas and the upstream parts of alluvial plains.

Fig.1 shows the 1995 flood disaster along the Seki River in Japan. 
During the flood, the river channel developed a large meander, and the flow strongly attacked and eroded the outer bank.
As you can see, severe bank erosion occurred, and an elementary school was left very close to the eroded bank.

This is a typical example of bank erosion caused by channel migration. 
When a river channel meanders, the flow tends to concentrate toward the outer bank of the bend, causing strong erosion and lateral migration of the channel.

Fig.2 shows another flood and sediment disaster that occurred in Hokkaido in 2016.
Similarly, large-scale channel migration and meandering caused severe bank erosion. 
The river eroded the surrounding land and eventually washed away houses.
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Now, let us learn about alternate bars, which are one of the important causes of channel meandering.
Fig.1 shows alternate bars developing along the left and right sides of the channel. 
You can also see that a meandering low-flow channel is formed between these bars. 
Here, the arrows in the figure indicate the direction of flow.

Fig.2 shows the bed topography reproduced by a depth-averaged numerical simulation.
The red areas indicate higher bed elevations, while the blue areas indicate lower bed elevations.

As you can see, areas of deposition and scour appear alternately along the channel. 
Because the flow tends to follow and connect these deeper scour zones, a meandering flow path develops even in a relatively straight river channel.

The experiment shown in Fig.3, conducted at Hokkaido University, demonstrates another important characteristic of alternate bars. 
You can see that the bars migrate downstream with time.

As the bars migrate downstream, the locations of the scour zones also move downstream.
Therefore, predicting where and when severe local scour, bed erosion  will occur is an important engineering issue. 
Such predictions are particularly important because migrating scour zones may approach riverbanks or levees and cause levee failure.
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Formation of alternate bars → Meandering flow → Bank erosion
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This experiment was conducted in a large-scale flume to investigate the formation of alternate bars and the resulting channel migration caused by bank erosion.

In Fig.2, you can see that alternate bars have already formed in the initial stage.
Once alternate bars develop, they produce a meandering flow pattern, as illustrated in Fig.1. 
The orange lines indicate the fronts of the alternate bars, while the blue line represents the meandering flow path.

Because of this meandering flow, the main current is directed toward the riverbank, as shown in the Fig.3.

When the strong flow impinges on the bank, bank erosion occurs. 
As this process continues, the channel itself gradually migrates laterally.

This experiment therefore demonstrates the process:
alternate-bar formation → flow meandering → concentration of flow toward the bank → bank erosion → channel migration.




Development of a meandering channel investigated 
by experiments
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As time progresses, lateral channel migration becomes more active, and the width of the channel-migration zone gradually increases. 
The resulting configuration of the low-flow channels and bars is shown in Fig.2

As the effective channel width becomes larger, as I explained in the first part of my lecture, 
the channel pattern changes from single-row alternate bars to multiple-row bars, eventually developing into a braided channel pattern.

You can also see that the main low-flow channel is actively eroding the riverbank.
At the same time, large and relatively high bars develop within the channel. 
These bars act as obstacles to the flow and deflect the main current toward the riverbank.

As a result, a strong flow is directed toward the bank, causing more intensive bank erosion.
So, there is an interaction among bar development, flow deflection, bank erosion, and channel migration.
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Next, let me explain some countermeasures against bank erosion.
Fig.2 shows the meandering flow path associated with single-row alternate bars. 
The red line indicates the meandering low-flow channel.
The locations marked with crosses along the riverbanks are the points where the main flood flow directly attacks the bank. ]
Therefore, these locations are particularly susceptible to severe bank erosion.

The areas labeled “Bar” indicate zones of sediment deposition in Fig.2. 
As I explained before, these alternate bars migrate downstream with time. 
As the bars migrate, the locations where the main current impinges on the riverbank also move downstream.

This makes bank-protection planning particularly difficult because the locations of severe bank erosion are not fixed but can migrate with the bars.

At locations where severe bank erosion is expected, large concrete blocks can be placed along the bank to protect it from erosion.
A simpler and less expensive method is to fill strong wire-mesh baskets with large stones or cobbles and place them along the riverbank. 
These structures are commonly called gabions.

Such measures reinforce the riverbank and protect it against the strong flow that directly attacks the bank.
And we need to understand and predict bar migration when designing effective bank-protection measures.
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These figures show a bank-protection measure called a Goyne, or spur dike.
Groynes are structures, often made of concrete or other materials, that project from the riverbank into the channel.

By installing a series of groynes along the riverbank, reducing the flow velocity near the bank can help protect the bank from erosion. 

Groynes also have another important function. When the main flood flow is directed toward the riverbank, these structures can deflect the flow away from the bank and toward the center of the channel.
Therefore, groynes have two major functions: they reduce the flow velocity near the bank and redirect the main current away from the bank.




Effects of dike: Roughness 
effect that creates an obstacle 
to the water flow, and "splash 
effect" that changes the water 
flow direction
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This is an aerial photograph of a river channel where groynes have been installed. 
Here,the locations of the groynes are indicated by the white circles, and the arrows show the flow direction.

The photographs below show the flow around the groynes under normal-flow conditions and during a flood.
During the flood, the flow velocity near the bank is reduced by the groynes, 
and the flow direction is changed from directly attacking the bank to a direction more downstream and toward the center of the channel.

As we have seen, there are several types of countermeasures against bank erosion.
When designing these countermeasures, it is very important to estimate how strong the flow will be and to select appropriate measures according to the characteristics of each river segment.

And numerical analysis is becoming an increasingly powerful tool for such design.
Based on flow and bed variation simulation, we can determine the appropriate type, size, spacing, and arrangement of groynes and bank-protection structures.

That’s all for today’s lecture. Thank you very much for your attention.
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