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Mt. Merapi is one of the most active volcanoes in Indonesia. Its eruptions have caused disasters in
downstream areas. Some of rivers that the origin located at Mt. Merapi have a large amount of sediment
resources, after eruption on October-November 2010. The total volume of sediment released during
eruption is estimated at 150 million m>. Sediment was deposited at the upstream area of the rivers. When
the rainfall which has a high intensity occurs, the deposited sediment will flows to the downstream area as
bed-load transport. Furthermore, the phenomenon of flow with high concentration occurs in the rivers.
Using numerical simulation, the impact of high concentration of bed-load transport is applied in Progo
River, Yogyakarta, Indonesia. The results show that the high bed-load transport rate increase the bar grow
rate. Its increase the bed degradation near the bank toe and then the bank collapse possibility is increase
also. Furthermore, the bank erosion problem after 2010 M. Merapi eruption should be considered

intensively.
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1. INTRODUCTION

1.1 Background

In October 2010, Mt. Merapi in Central Java.
Indonesia had a major eruption, which released
approximately 130 million m’ of lahar. The
sediment was deposited at the upstream area and
become a large amount of sediment resources of the
downstream area. During rainy season the deposited
lahar will transport to the downstream as bed-load
transport. The volume of sediment transport in the
flow is increase in this season. Its cause the
exchanged of bed morphology of the river rapidly.
The bed-load will be deposited at the low velocity
regime (inner bend) and produce bar formation. The
bar formation will reduce the flow area and tend to
increase the flow velocity at the outer bend. The
large of sediment resources in the river also have
possibilities to increase the percentage of the
volume of bed-load transport. In the other word, the
volume of bed-load transport is higher than
equilibrium condition.

The bank erosion is one of the processes of river
morphology. General processes in bank erosions are

explained in analytical concept by [Osman and
Thorne, 1988] and Thorne and Osman, 1988]. In
this concept, the processes of bank failure are
mainly triggered by bed degradation near the bank.
The bed degradation causes the increasing of the
relative bank height and the potential for
destabilization of the bank with respect to mass
failure will decrease. So, the bed degradation is the
important factor on triggering bank erosion.
Recently, many researchers also use bed degradation
near the bank toe as the main factor on triggering
bank failure [Duan and Julien, 2005]. The failure
concept from those researchers indicates that the
analysis of bed degradation near the bank toe is one
of the important for analysis on bank erosion
problem. Hence, in this study, field investigations
were conducted to obtain the morphology
characteristics of riverbed due to the bed-load
transport rate. Furthermore, the bed degradations
analysis near the bank toe is observed.

1.2 Study area
The river reach of Progo River in Bantar is
chosen in order to examine the interaction of
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channel geometry, concentration of be-load and bed
deformation. The watershed area of Progo River is
around 17,432 square kilometers. The headwaters
are located in the Mt. Merapi. Due to the major
eruption in October 2010, the amount of sediment
resources at the tributary of Progo River (Putih
River for example), were increased significantly.
Fig. 1 shows the Progo River system. The figure
shows that Putih River, Blongkeng River and
Pabelan River are the tributaries of Progo River.
Post 2010 Mt. Merapi’s eruption, 5.36 million m’®
material was deposited in Putih River as shown in
Fig. 2. The material is in unstable condition. During
rainy season, the material moves to the downstream
as debris flow causes the concentration of bed-load
transport is higher than the equilibrium condition.
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Figure 1. Progo River System and location fo study area
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Figure 2. The sediment resources in Putih River before and
after 2010 Mt. Merapi eruption

2. NUMERICAL MODEL

Numerical simulations are performed using the
horizontal two-dimensional flow model which the
equations are written in general coordinate system.
The model uses the finite ditference method to solve
the different equations. Relationship between
Cartesian coordinate system and General coordinate
system is as follows.
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Where, Sand 5 are the coordinates along the
longitudinal and the transverse directions in
generalized coordinate system, respectively, x and y
are the coordinates in Cartesian coordinate system.
Computation of surface flow is carried out using the
governing equation ol SR 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 [Takebavashi,
2005].
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Where, 7 is the time, z is the water surface level.
Surface flow depth is represented as A, seepage flow
depth is A,. U and V represent the contra variant
depth averaged flow velocity on bed along & and n
coordinates, respectively.

These velocities are defined as
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where, « and v represent depth averaged flow
velocity on bed along x and y coordinates,
respectively. U, and V, represent the contra variant
depth averaged seepage flow velocity along & and n
coordinates, respectively. These velocities are
defined as
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where, depth averaged seepage flow velocities along
x and y coordinates in Cartesian coordinate system
are shown as u,, v,, respectively. A is a parameter
related to the porosity in the soil, wherein A = [ as =
Yz, and A= X as z < z,, where z, is the bed level
and A is the porosity in the soil. Seepage flow is
assumed as horizontal two-dimensional saturation
flow. Momentum equations of surface water are as
tollows.
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Where, g is the gravity, p is the water density.
Tp: and 1, represent the contra variant shear stress
along & and n coordinates, respectively. These shear
stresses are defined as
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where, 1, and t, are the shear stress along x and y
coordinates, respectively as follows.
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Where, u. is the friction velocity, n,, is the
Manning’s roughness coefficient, R is the hydraulic
radius, £ is the roughness height. u; and vy, 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.
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Where, o, = arctan (v/u) , No is 7.0 [Engelund,

1974] and r is the curvature radius of stream lines
obtained by depth integrated velocity field as
follows [Shimizu and Itakura, 1991].
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Gus Ons Ty and 1, are turbulence stresses as
tfollows.
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Where, v is the coefficient of kinematics eddy
viscosity, kis the Karman constant, k is the
depth-averaged  turbulence  kinetic energy
[Takebayashi, 2005].
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Where, &k, and k; is the cocfficient of
permeability along the longitudinal and the

transverse directions, respectively. 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 [Nagata, 1999].

Grain size distribution is evaluated using the
sediment transport multilayer model as follows
[Takebayashi, et al,. 2003]:
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In the formulae above, f}, is the concentration of
bed-load of size class & in the bed-load layer, £y is
the sediment concentration of size class & in the m™
bed layer, ¢, is the depth-averaged concentration of
bed-load. E,. is the equilibrium bed-load layer
thickness; it is estimated by the following equation
[Egashira and Ashida, 1992]:
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where d,, is the mean diameter of bed-load, ¢ is the
angle of repose, and tx, is the non-dimensional
shear stress of mean diameter. E,;1s the sediment
layer thickness on cohesive sediment bed. E,is the
bed-load layer thickness, ¢, and ¢, are the
bed-load of size class & in & and n directions,
respectively, g,4 and g, are the bed-load of size
class & in x and y directions, respectively as follows
[Ashida and Michive, 1972; Kovacs and Parker,
1994 and Liu, 1991].
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Therein, p, is the sediment density, u«, is the

effective shear velocity, the non-dimensional critical
friction velocity of size class k is evaluated as
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follows [Ashida and Michiue, 1972).

= L gm
= “ﬁw l
0g,

19 d,
(19 dabd )| dr

U

(21a)
d/d, =04 (21b)
= 08500 (22a)
d,jd. <04 (225)

Iwagaki’s formula [/wagaki, 1956] which is
formulated for uniform bed material is used for
evaluating u+,,. K. is the correction factor due to the
influence of bed inclination on sediment motion.
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where a is the angle of deviation of near-bed flow
from the x direction as follows.
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1 is the coefficient of static friction. 6, and 0,
are bed inclinations in x and y directions,
respectively. These inclinations are evaluated as
follows,
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Hence, the local bed slope along direction of
bed-load of sediment mean diameter (0) is obtained
as follows.
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where 3, 1s the deviation angle of bed-load of mean
diameter to the x direction. The deviation angle of
bed-load of size class £ to the x direction (;), which
depends on the flow near bed and inclination of the
bed, is calculated by the following relation
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Evolution of bed elevation is estimated by means of
the following formulae
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In them, n represents the number of the size class of
sediment.

3. SIMULATION SCENARIO

The river bed deformations were compared by
applying two main conditions of bed-load transport
rate at the upstream area. First condition is the
bed-load transport at the upstream area same as the
potential equilibrium sediment transport rate, g,.
The volume is 100% g, namely Casel. The last
condition is the bed-load transport more than g,.
These bed-load transport rates are 130% g, and
150% g5 namely Case 2 and Case 3, respectively. It
is describes the amount of sediment resources at the
upstream area of the Progo River is large after 2010
eruption of Mt. Merapi.

To evaluate the bed deformation due to the
bed-load transport rate condition, three cross
sections, l.e. cross section 1-1, 2-2 and 3-3 are
analyzed (see Fig. 3).
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Figure 3. Grid and bed elevation in initial condition

4. RIVER BED MORPHOLOGY

In the opening of this paper, the evaluation of
sediment transport volume on the potential of bank
erosion was emphasized, and will be analyzed by
the bed deformation on the bank toe. Indeed,
bed-load transport may become an essential actor in
tomorrow's sediment volume policies and all efforts
must thus be focused on reducing their volume in
the downstream area.

Fig. 4, 5, and 6 are the bed deformation
evolution at cross section 1-1 in Case 1, 2 and 3,
respectively. In Case 1, the bed degradation near the
bank toe at the right side was occurred (see Fig. 4).
The bed degradation occurs more in Case 2 and
Case 3 (see Fig. 5 and 6). The more bed-load
transport in Case 2 and 3 produce the increasing of
bar elevation in cross section 1-1. Furthermore, the
flow velocities concentrated to the right bank side
and produce more erosion on the riverbed. In cross
section 2-2 and 3-3, the increasing of bar elevation
is not so significant and the bed deformation at the
bank toe is small as shown Fig. 7 to Fig. 12. The
results of numerical simulation indicate that the high
concentration of bed-load transport rate not only
produces the large sedimentation (the increasing of
bar elevation), but also more erosion near the bank
toe. Furthermore, the relative bank height will
increase. This condition triggers the bank failure
with planar mechanism [Nagara, 1999].
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Figure 4. Bed deformation in cross section 1-1, Case 1
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el

The 4" International Workshop on Multimodal Sediment Disaster (4"-IWMSD)
Disaster Mitigation Through Partnership-Based Knowledge Sharing

— t=0second i bed
. degradation
———————— 1= 720 second . oo

000 2000 4000 60.00 8000

distance from the left bank (m)

Figure 6. Bed deformation in cross section 1-1, Case 3
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Figure 8. Bed deformation in cross section 2-2, Case 2
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Figure 9. Bed deformation in cross section 2-2 | Case 3
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Figure 11. Bed deformation in cross section 3-3, Case 2
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Figure 12. Bed deformation in cross section 3-3, Case 3

5. CONCLUSIONS

The horizontal two-dimensional bed
deformation analysis of the Progo River at Bantar
reach was performed. Two main methods of
bed-load transport rates had been applied to evaluate
the impact on bed degradation near the bank toe.
The results show that the bed degradation near the
bank toe will increase due to the increasing of
bed-load transport rate in case the river morphology
has bars formation. However, in case the growing of
bar formation is not significant, the bed deformation
near the bank toe is not significant also.

According to the simulation results, after
eruption Mt. Merapi 2010, the bank erosion problem
in rivers which have large sediment resources at the
upstream area should be considered.
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