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Bank Erosion Model along Banks
Composed of both Cohesive and Non-Cohesive Material Layers

Hiroshi TAKEBAYASHI, Masaharu FUJITA and Puji HARSANTO

Synopsis

It is often observed banks which have the alternate layers between cohesive
sediment layers and non-cohesive sediment layers in natural rivers (ex. the Sesayap
River, East Kalimantan Province, Indonesia and so on). In this study, mathematical
model of bank erosion process for banks with both the cohesive and the non-cohesive
layers is developed. Furthermore, the model is installed into the horizontal two
dimensional channel deformation model. The governing equations of the channel
deformation model are written in boundary fitted moving general coordinate system.
The results indicate that the horizontal shift speed of banks changes with time very
much. When the bottom layer is not exposed to the flow, the speed of bank erosion is
very slow. However, when bed near the bank is eroded with time and bottom layer starts
to be exposed to flow, the bank erosion rate increases rapidly and it is considered that a
severe disaster is caused. The calculated horizontal shape of bank lines is not so smooth

and local curvature of bank lines becomes small.

Keywords: bank erosion, cohesive material, numerical analysis, moving general coordinate

system

1. Introduction

It is often observed banks which have the
alternate layers between cohesive sediment layers
and non-cohesive sediment layers in natural rivers.
The top sediment layer of banks in the Sesayap
River, East Kalimantan Province, Indonesia has
cohesive characteristics. On the other hand, the
bottom layer of the banks and the bed material are
composed of coarser material and does not have
The
Hokkaido, Japan also has two kinds of layers in

cohesive characteristics. Kushiro River,
banks. The top sediment layer is made of peat and
includes vegetable fibers. Hence the erosion rate of
the sediment is very slow. However, the bottom
layer of banks and the bed material are composed
of sand and do not have cohesive characteristics.

In this study, mathematical model of bank

erosion process for banks with both the cohesive

and non-cohesive layers is developed. In the model,
it is assumed that the top layer has cohesive
characteristics and both bottom layer and bed has
no cohesive characteristics as we can often
observed in rivers all over the world. Hence the
bottom layer in banks is eroded by the landslide due
to the bed degradation near the bank. The top layer
in banks is eroded directly by the flow and
indirectly by bank failure due to the erosion of
bottom layer. Furthermore, the model is installed
two dimensional channel

into the horizontal

deformation model and channel deformation
process is simulated. The governing equations of
the channel deformation model are written in

boundary fitted moving general coordinate system.

2.  Example of natural river bank composed of
both cohesive and non-cohesive materials
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Figure 2 River bank failure and flood at Seluwing Malinau
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Figure 3 Cross section and water surface elevation at river bend

Sesayap River is located at East Kalimantan
Indonesia. The river is 279 km long and the
catchment has an area of about 18158 km’.
Sesayap River works as a navigation channel which
conducts between Malinau, Nunukan and Tarakan.
The estuary of Sesayap River is located at Celebes
Sea around 70 km from Malinau.

The surveyed area is Seluwing bend on the river
reach that located at Malinau (Figure 1). The river

bed material is composed of coarse gravel, cobbles
and sand. Riverbank around these reach was
collapsed on April and September 2008. They give
huge damages on the road structure (Figure 2). On
November 2008, flood was occurred with 30 c¢cm
depth on the floodplan (Figure 2).

The surveyed area is influenced by tide from
Celebes Sea that creates a diurnal water level
fluctuation. However, the flow is always on the
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downstream direction. Fluctuation of water level is
around 1-3 meters. The higher water level is around
24.50 m and 22.50 m at the lower condition (Figure
3). The fluctuations of water level make wet
condition on the bank surface. At the middle of the
channel, there is sediment deposition whose bed
level is 23.00m. Elevation at the toe of the
riverbank is 19.71 m and at the top of bank is 25.00
m.

River bed elevation is measured using Garmin
GPS-MAP 178 Sounder for 12 km long. Sediment
data is obtained at 2 locations in the riverbank by
cone penetration test and hand boring. The results
from soil test indicate that the bank consist of finer
grain size, which lie on four layers. The first top
layer is composed of soil, which is 1 m thickness.
The second layer has 1.75 m thickness. These soil
layers have specific gravity, angle of internal
friction and cohesion, respectively, 2.6, 10°, 9
kKN/m®. The third layer is sandy silt, which has
specific gravity, angle of internal friction and
cohesion, respectively, 2.65, 32.5° 5 kN/m?. The
bottom layer is composed of sand.

3. Numerical analysis method

3 1. Governing equations

Computation of surface flow is performed using
the governing equation of the horizontal two
dimensional flow averaged with depth. The
conservation of mass, i.e., inflow and outflow of
mass by seepage flow, is taken into consideration as

shown in the following equation [10].
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longitudinal and the transverse directions in
generalized coordinate system, respectively. X and Yy
are the coordinates in Cartesian coordinate system,
respectively. t is the time, z is the water surface
level. Surface flow depth is represented as h,
seepage flow depth is hy. U and V represent the
contravariant depth averaged flow velocity on bed
along & and n coordinates, respectively. Uy and V

represent the contravariant depth averaged seepage

flow wvelocity along & and m coordinates,
respectively. Momentum equations of surface water

are as follows.
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where U, :%+U .V, :Z—?+V , g is the gravity, pis

the water density. A is a parameter related to the
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porosity in the soil, wherein A= 1 as z = z,, and
A=A asz < 1z, where z, is the bed level and A is
the porosity in the soil. Seepage flow is assumed as
horizontal two-dimensional saturation flow. t,: and
Tpy Tepresent the contravariant shear stress along &
and m coordinates, respectively. Us is the friction
velocity as follows.

2 2
) u’+v

- (4)

2
(6+2.51th
kS

where, ks is the roughness height. u, and v,

u

represent velocity near the bed surface along x and
y coordinates, respectively. Velocities near the bed

are evaluated using curvature radius of streamlines

as follows.
U, = Uy, cosaL, —V,, sinal (5)
V, = Uy sin ol +V,, cos ol (6)
Uy = 8.5U, (7
Vi :—N*gubs (8)

where, o, =arctan(v/u), N« is 7.0 [4] and r is the
curvature radius of stream lines obtained by depth
integrated velocity field as follows [9].
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Gxx» Oyy» Txy and Tyy are turbulence stresses, «is the
Karman constant. When the water depth of surface
flow becomes less than the mean diameter of the
bed material, the surface flow is computed only in
consideration of the pressure term and bed shear
stress term in the momentum equation of surface
flow [7]. Grain size distribution is evaluated using
the sediment transport multilayer model as follows

[11]:
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In the formulae above, fyis the concentration of
bed load of size class Kk in the bed load layer, fymis
the sediment concentration of size class k in the mth
bed layer, ¢, is the depth-averaged concentration of
bed load. Ep is the equilibrium bed load layer
thickness; it is estimated by the following equation

[3]:

B _ 1
d, c,cosf(tan¢—tan6

) Tup (12)
where d, is the mean diameter of bed load, ¢is the
angle of repose, and T« is the non-dimensional
shear stress of mean diameter. Egy is the sediment
layer thickness on cohesive sediment bed. Epis the
bed load layer thickness, Qpzx and Op,« are the bed
load of size class k in & and m directions,
respectively, (o and Quyx are the bed load of size
class Kk in x and y directions, respectively as follows
[1, 2 and 6].

Op = Oy COS ﬁk (13)
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Therein, ps is the sediment density, U« is the

effective shear velocity, the non-dimensional
critical friction velocity of size class K is evaluated

as follows [1].
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Iwagaki’s formula [5] which is formulated for
uniform bed material is used for evaluating Uscp.
K. is a correction factor due to the influence of bed

inclination on sediment motion.

KC:1+L( P +1Jcosoctan6x+sinoctan9y (17)
uS pS_p
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Figure 4 conceptual diagram of bank erosion model

where o is the angle of deviation of near-bed flow
from the x direction as follows.

vb
o = arctan| >
ub

Ls is the coefficient of static friction. 64 and 6y

(18)

are bed inclinations in the x and Yy directions,
respectively. These inclinations are evaluated as

follows,
0, = arctan %%+a—n% (19)
oxX 0§ 0Ox oOm
0, = arctan %%+8—n% (20)
dy 05 oy on

Hence, the local bed slope along direction of bed
load of sediment mean diameter (0) is obtained as
follows.

sin6 = cosf,, sin 0, +sinf, sinO,

ey

where By, is the deviation angle of bed load of mean
diameter to the x direction. The deviation angle of
bed load of size class k to the x direction (By),
which depends on the flow near bed and inclination
of the bed, is calculated by the following relation.

2

*
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Evolution of bed elevation is estimated by means
of following formulae.
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In them, n represents the number of the size class
of sediment.

3. 2. Bank erosion model

Figure 4 shows the conceptual diagram of bank
When bank is
non-cohesive material and bed near the bank is

erosion model. composed of
eroded, the bank line is shifted with keeping the
slope geometry at the angle of repose. The location
of numerical grids will be shifted as shown in
Figure 1(a). When bank is composed of cohesive
material, bank line is shifted at the speed of erosion
velocity of the cohesive material. The erosion
velocity of cohesive sediment (V) is estimated as
follows [8].

V, = o RZU:

¢ 'we ¥

@7

where, o, is the coefficient related on kinds of
cohesive sediment, R,. is the water content rate.
When bank material is composed of cohesive
material, the bed degradation near the bank does
not affect on the bank erosion. Here, for simplicity,
it is assumed that the eroded cohesive material is
transported to downstream area immediately and
does not affect on bed deformation. When bank
material is composed of both non-cohesive material
and cohesive material, the treatment of the bank
erosion becomes more complex. In the present

research, the bank which has upper bank layer
composed of cohesive material and lower bank
layer with non-cohesive material, as shown in
Figure 4 (c), is treated. When the bed level near the
bank is higher than the bottom level of cohesive
material layer, the entire bank is composed of
cohesive material. Hence, the bank erosion process
is the same as Figure 4 (b). When the bed level near
the bank is lower than the bottom level of cohesive
material layer, the lower part of bank is composed
of non-cohesive material. Hence, the bank erosion
process is the same as Figure 4 (c). The bank
composed of non-cohesive material forms the slope
at the angle of repose. Hence, the cohesive layer
will be overhanged because of the erosion of lower
layer composed of non-cohesive material and it is
assumed here that the overhanged cohesive material
is collapsed immediately.

3. 3. Hydraulic conditions

The simulated domain is a 7.5 m long rectangular
and straight open channel. The width of the
simulated domain is 0.6m. At the center of the
simulated domain, a channel which has 0.3m wide
and lcm depth is made as shown in Figure 5.
Periodical alternate bar with 1.8m wavelength and
0.75cm wave height is formed on the initial bed
geometry in the channel. Here, the troughs of the
alternate bars are made flat in order to clarify the
effect of bed degradation on bank erosion. The
initial longitudinal bed slope is 1/70. The bed
materials are treated as non-uniform sediment with
the mean diameter of 0.43 mm. Water discharge is
0.751/s and normal flow depth is about 0.67cm. The
hydraulic condition in the channel is located in the
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Figure 6 Temporal changes of channel geometry and numerical grid geometry

formative conditions of alternate bars. In Case 1,
both the bed and the bank material are treated as
non-cohesive material. In Case 2, the bed material
is non-cohesive material, but bank material is
In Case 3,
material with 1.01cm thickness is cohesive material

cohesive material. the upper bank
and the lower bank material is non-cohesive
material. Hence, at the initial condition, entire bank
is composed of cohesive material in Case 3, but
after bed is in 0.lmm depth, the
non-cohesive layer exposed at the bottom of the
bank.

eroded

4. Results and discussio

Figure 6 shows the temporal changes of channel
geometry and numerical grid geometry. Grid
geometry around banks is transformed with the
shift of bank lines. Here, the transverse distance of
grids between bottom of bank and top of bank is
kept constant with time to keep the accuracy to

estimate the angle of repose constant. If the

distance of grids between bottom of bank and top of
bank becomes wider with widening of river width,
the accuracy to estimate the angle of repose
decreases with time. As a result, the bank erosion
velocity becomes slower because of the rough grids
and it is very difficult to discuss the bank erosion
process.

Figure 7 shows the temporal change of channel
geometry in Cases 1, 2, and 3. At the initial stages,
horizontal shapes of all channel geometries are
straight. After 5s, bank is started to be eroded in
Case 1 (non-cohesive). Banks of both Case 2
(cohesive) and Case 3 (non-cohesive and cohesive)
are also eroded at 5s. However, the erosion velocity
of cohesive material is slower than the bank erosion
velocity with non-cohesive material. Hence the
shifts of bank in Cases 2 and 3 are invisible at 5s.
Here, in Case 3, the bottom level of cohesive
material is still lower than the bed level near the
bank. After 10s, bank is shifted more in Case 1. The
shift of bank in Case 2 is still invisible at 10s. In
Case 3, the shift of bank becomes visible at 10s.
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Figure 7 Temporal changes of channel geometry

This means that the bed level near the bank
becomes higher than the bottom level of cohesive
material at some areas. After 15s, bank is shifted
more in Case 1. In Case 3, bank erosion velocity
the bank
erosion velocity depends on the landslide of

increased rapidly. Here, apparently,

non-cohesive sediment to keep the angle of repose.

These results indicate that in case that upper and
lower bank materials are composed of cohesive
material and non-cohesive material, respectively,
the bank erosion rate increases rapidly. The rapid
temporal change of bank erosion velocity tends to
cause severe disaster due to bank erosion, because
residents near the bank cannot predict such a rapid
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change of erosion velocity. In Case 2, the bed near
bank is decreased with time, but the bank erosion
rate does not increase with time, because the entire
bank is composed of cohesive material. After 20s,
banks are shifted more with time in Cases 1 and 3.
Here, shape of bank line in Case 3 at 20s is
compared to that in Case 1 at 15s. The maximum
transverse distance of bank erosion in Case 1 at 15s
is the same as that in Case 3 at 20s. However, the
shapes of the bank lines are different. The
longitudinal length of bank erosion area in Case 1 is
longer than that in Case 3. Furthermore, the shape
of the bank line in Case 1 is milder than that in
Case 3. The temporal change of longitudinal
distribution of bed along bottom of bank causes the
difference. As
velocity of cohesive material is slower than the

mentioned above, the erosion

erosion velocity of bank with non-cohesive material.

If bed near bank is eroded and lower layer with
non-cohesive material is exposed to flow locally,
the bank is only eroded faster. Hence, the horizontal
shape of bank lines in Case 3 is sharp and local

curvature of bank lines becomes small.

5. Conclusion

In this study, mathematical model of bank
erosion process for banks with both the cohesive
and non-cohesive layers is developed. Furthermore,
the model is installed into the horizontal two
dimensional channel deformation model. The
results indicate that the horizontal shift speed of
banks changes with time very much. When the
bottom layer with non-cohesive material is not
exposed to the flow, the speed of bank erosion is
very slow. However, when bed near the bank is
eroded with time and bottom layer starts to be
exposed to flow, the bank erosion rate increases
rapidly and it is considered that a severe disaster is
caused. The calculated horizontal shape of bank
lines with both

materials is not so smooth and local curvature of

cohesive and non-cohesive

bank lines becomes small.
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