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Abstract

Flood disaster often causes serious problems for cities which located around a
meandering river. Maintaining stability of meandering rivers remains as the most challenging
task for river management. Some studies propose various approaches to understand
meandering characteristics. One of the most common approaches is the classification of
meandering pattern. Based on the past studies, there are three types of meandering channel
by focusing on sediment characteristics, aspect ratio and sinuosity. These parameters can
represent the characteristics of meandering rivers well, but the mechanism of meandering
river is diverse and complex. Detailed investigation on each parameter can contribute to
better understandings of such mechanism. In this study, the relationship of bank and bed
materials and their impacts on meandering characteristics are examined especially focusing
on aspect ratio of river channel. Besides, bank erosion process is also one of important factors
which determine the characteristics of channel migration on small scale (reach scale) and
channel planform change on large scale (segment scale). Some target rivers in Indonesia,
Japan and Cambodia are introduced to evaluate those parameters through field
measurement and numerical simulation.

The bed material of the target rivers could be classified into 3 types, based on the grain
size distribution: coarse sand (0.5-2mm) with occasional gravel (2mm-), fine sand (0.075-
0.5mm), and silt and clay (mainly -0.075mm cohesive material). It was clarified that the
difference of the bed material is caused by basin geology. On the other hand, the grain size
distribution of sand is almost same in all river banks, while the ratio of cohesive material is
different especially between Japan and South Asia. Hence, the bank material could be
classified into 2 types: cohesive and non-cohesive materials. In terms of aspect ratio and
sinuosity, aspect ratio of 12 and 25 as well as sinuosity of 1.5 were found to be important
criteria to classify target rivers based on meandering characteristics. By using these
parameters, previous classification with three meandering types were modified because the
meandering rivers with low-moderate (12-25) aspect ratio (Type 2) shows diverse sinuosity.
Then Type 2 was divided into Type 2a which has lower sinuosity than 1.5 and Type 2b that
has higher sinuosity than 1.5. Other meander parameters such as meander wavelength and
radius of curvature also showed individual characteristics in each type similar to the results
of aspect ratio and sinuosity. Especially there is clear relationship between aspect ratio and
meander wavelength or radius of curvature in Type2 and it was implied that scroll bar
formation affect the meander process. This study also investigated how the weighted mean
of silt-clay percentage (M value) affect the channel migration and channel planform as well
as aspect ratio. Basically, M value more than 20 is considered to be cohesive



The relationship of sediment size and aspect ratio was investigated by several approaches
and it was found that sediment size has important role to maintain channel stability. While
active sediment movement is considered to be active in rivers with high sinuosity, low aspect
ratio and cohesive sediment (Type 1), the extent of bank erosion is governed by high silt-clay
percentage (that means M value is more than 20). In Type 1 which has cohesive bed and bank,
bed deformation was found to be active but channel migration was quite limited because of
high silt-clay percentage in the bank. In Type 3 which has low sinuosity, high aspect ratio and
erodible bank with fine sand materials, both bed and bank are not so stable. Usually, braided
channel is created on the river bed. Type 2 is the intermediate condition between Type 1 and
3, but both sinuosity and M value are quite diverse. Therefore, there are no clear relationship
between M value and aspect ratio or sinuosity. However, the bed and bank material have
some unique characteristics. Some of Type 2 rivers have similar material with Type 1, but
some rivers have coarser material than that of Type 3 and others have lower silt-clay
percentage in the bank than that of Type 1. As these results show, it was clarified that the bed
and bank material of Type 2 tends to be different. Moreover, analysis of old maps clarified
that some of Type 2a rivers with lower silt-clay percentage on the bank used to be Type 2b
before straightening.

In order to understand the mechanism to make difference between Type 2a and Type 2b,
numerical simulation (ICHARM Bank Erosion Model) was carried out in addition to the analysis
of field data. By comparing the results of several cases in the simulation, forming mechanism
of Type 2a and 2b could be clarified. The target river is the Cimanuk River where steeper
channelis Type 2b and milder channel is Type 2a. Several parameters were set based on actual
condition of the Cimanuk River, but bank or bed material was changed in order to understand
the effect of sediment size on river channel. Through the simulation following pattern were
clarified. In the milder channel, Type 1 may become Type 2a when the cohesive material on
the riverbed is less and it cannot form the bank. Bank cohesion is also essential factor because
riverbed material is supplied from less cohesive bank and it is transported well. Then wider
and shallower channel is formed because the bank is usually stabilized by the cohesion in
milder river. That means lower silt-clay percentage of on bank or bed may change Type 1
channel to Type 2 channel, but still high-silt clay percentage stabilizes the channel and Type2a
is formed. However, the high silt-clay percentage of the Sangkae River is as high as other
Typel rivers. It is the future task to clarify the mechanism. In the steeper channel, Type 3 may
become Type 2b by increasing depth when coarser material is contained in riverbed. It might
be caused by coarser material at bank-toe stabilizes the riverbank and suspended sand forms
bank. Moreover, if the silt-clay percentage of the bank of type 3 is increased, scroll bar is
formed in narrow channel and type 2b is formed. In both cases, such a narrow and deep
channel with high stream power has higher sinuosity.

Proposed meandering characteristics is important to understand meandering river
characteristics. Parameters of this classification could distinguish the type of meandering
rivers. Detailed investigation of each parameters gives comprehensive perspectives about
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each meandering type. Each type needs different approaches to maintain stable cross-
sectional shape in terms of river management. Type 1 and Type 2a have relatively stable river
shapes, and thus a river manager may spend less effort to maintain the river compared to the
other types. Of course, some parts might have small scale characteristics such as local bank
erosion due to human activities or impact of river crossing structures that still need to be
considered. For Type 3, river managers need to understand bar formation mechanism and
give more attention to check the bar in every flood events. Rivers in type 2b tend to be
unstable and are typically located in upper part of lower reach. Active erosion and deposition
must be monitored through periodic and frequent cross-sectional surveys. One important
message is that the sediment size change causes the change of channel dynamics as well as
cross-sectional shape. A river manager needs to identify several active zones, at which
stability of the cross-sectional shape needs to be maintained. Therefore, suitable river works
plans to maintain the stability of cross-sectional shape could be selected to carry out based
on design and budget optimization.
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Chapter 1
Introduction

1.1 Background

Natural disaster has been increasing recently at a global scale, drawing more attention of
research focusing on the extreme event analysis and the impact of climate change on the
hydrological processes. Flood is one of the hydrological natural disasters which affects large
portion of population among other natural hazard (Aerts et al., 2018). Evidence of the
increasing number of floods around the world has also been described in many studies. A
global analysis of flood event utilizing observation data from EM-DAT (Emergency Events
Database) and DFO (Dartmouth Flood Observatory) indicated the increasing number of flood
events on a global scale (Hu et al., 2018). In addition to that, the study also suggested a
tendency of higher flood magnitude in a single event. Similar trend was identified through
several regional studies, such as around Europe (Kundzewicz et al., 2018) and Asia (Dutta &
Herath, 2004). Such increase has been projected through global climatic model which predicts
that higher number of flood would likely to occur across Asia, South America, and some part
of Africa (Hirabayashi et al., 2013). These studies also show that frequency of flood in
Indonesia seems to be higher in the future. This condition increases flood risk because many
cities in Indonesia are located around flood prone area.

Flood is one of the dominant hazards among the natural disasters in Indonesia, along
with the tornado (Caksono, 2020). The Indonesia National Board for Disaster Management
(BNPB) has also recorded hundreds to thousands of floods occurred across the nation. More
than half of flood events were concentrated in the big cities such as Jakarta, Bandung,
Surakarta, Semarang, and Medan (Figure 1.1). In Jakarta alone, more than 90 thousand of
people were affected by flood events in the beginning of year 2020. Such flood in Jakarta have
caused infrastructure losses of about 10 trillion Indonesian Rupiah (about 700 billion USD).
Although the flood control facilities are being developed, the risk would be likely still to be
high due to many influencing factors. The urbanization and population growth in big cities are
in a positive trend, making the cities more vulnerable to such hazard. On the other hand, the
annual national budget of the Directorate General of Water Resources in Indoensia (DGWR)
for flood control is limited (Figure 1.2). Therefore, efficient strategies in flood management
need to optimize the resources.
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Jakarta, the capital city of Indonesia, experienced the most frequent floods in the last
decade (Figure 1.1). The flood disaster management in Jakarta is done by the floodway
construction, river capacity improvements, and revitalization of retention ponds. Anticipating
the higher risk in the future, the challenge in Indonesia, as well as other developing countries,
is the optimization or prioritization of river works within limited available resources.

One of the most popular river improvement works in Jakarta is river capacity
improvement by dredging and widening. However, the available space to do such work is
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limited, especially for river widening. Such challenge also occurs in other big cities which are
usually located in the downstream. Moreover, areas in the downstream part are the
meandering flood plain where meandering rivers exist (Figure 1.3). These situations increase
the difficulty of river management due to the complex morpho-dynamics of the meandering
channel. Planform dynamics of meandering rivers are complex, influenced by several factors,
such as bed and bank material size, aspect ratio (width-depth ratio), bank erosion rate, shear
velocities, bed shear stress and stream power, etc. The planform of meandering channel can
be represented by meandering parameters such as sinuosity, radius of curvature and
meander wavelength. These parameters also affect the planform dynamics, that means there
are interactions. Therefore, understanding the mechanism of meandering river would be
beneficial to the planning and design of river improvement works. Not only in Jakarta, but in
other cities with similar physical characteristics, the knowledge on the mechanism can be
applied.

One important factor in the plan of river works is the channel design. To optimize the
channel design, it is necessary to consider the principles of both stable cross-sectional shape
and the planform dynamics of meandering river simultaneously. Therefore, this study
attempts to understand the mechanism of planform dynamics in maintaining the cross-
sectional stable shape by focusing on aspect ratio (or width-depth ratio). We believe that
elaborating this mechanism will be beneficial for the efficiency of river management works.

River managers can benefit from understanding of the processes and patterns of river
bank erosion which determines the pattern of channel migration (Larsen et al., 2006). Despite
the need for channel design principles in river management and restoration, the question
“what controls the width of a river?” still remains unanswered (Dunne & Jerolmack, 2020).
Therefore, it is important to understand the mechanism and phenomena among aspect ratio,
sediment characteristics, hydraulic condition, bank erosion rate, planform and meandering



process. This study is trying to give comprehensive perspective about how to manage
meandering rivers.

1.2 Objective

The objective of this research is to investigate individual characteristics of meandering
channel and its stability by focusing on the interaction between sediment size characteristics
and cross-sectional shape. Another important thing is how the regional characteristics affect
the channel forming process which is related to cross-sectional shape. The difference of
regional characteristics will be represented by the comparison of Japanese rivers and
Southeast Asian rivers.

1.3 Methodology

This research covers three main methodologies as follows:

Field observation and Data Collection. Several target rivers were selected and the lower
reach or around meandering flood plain are focused. Field observations has been carried out
to collect cross-sectional and sediment data. Observation of satellite imagery, DEM,
geological map and historical map is a method to complete the information about
surrounding condition. In this part, channel parameters such as aspect ratio, sediment size,
riverbed slope and discharge are main factors or parameters to prepare for comparison
analysis. Meandering parameters such as sinuosity, radius of curvature, meander wavelength
and centerline movement are also prepared to be analyzed.

Comparison and Analyzing Parameters. To understand the physical phenomena of each
parameter, comparison among parameters was carried out. Parameters are aspect ratio,
sinuosity, sediment sizes, silt-clay percentage, shear stress, stream power and bank erosion
rate. During this process, understanding common characteristics and explaining them with
the past classification of meandering channel are important. Target of this part is modifying
the past classification of river channel in order to understand various condition of meandering
channel.

Planform Change or Centerline Movement Analysis. This analysis tries to understand the
interaction between sediment sizes and aspect ratio related to sinuosity and centerline
movement. Numerical simulation was conducted by using iRIC Nays2DH ICHARM Bank
Erosion Model. Target rivers was selected based on the modified classification. The validation
was done based on the field observation data and the satellite image by checking bank
erosion and centerline movement. The final targets are explaining aspect ratio stability of
each channel type based on the modified classification and understanding the mechanism of
planform dynamics affected by regional characteristics of bed-bank material.



1.4 Thesis Outline

This thesis is organized by five chapters. Chapter 1 explained about background and
objectives of this study. Chapter 2 summarizes relevant literatures of the topics including past
meandering classification. Information about target rivers and data collection method are
introduced in Chapter 3. This chapter gives general information about catchment including
catchment area and geological information. Chapter 4 is analyzing the relationship among
parameters including how they are related to past meandering classification. After that,
modified classification is proposed, and target rivers are classified. Chapter 5 gives
information about numerical simulation and how it was validated with the observation data.
By comparing the simulation results and the characteristics of each channel type, meandering
process of each channel type is discussed. Chapter 6 is the summary of this thesis which
consists of conclusion, recommendation and limitation of this study.



2.1 River Classification

Chapter 2
Literature Review

One of the river classification systems is based on its geomorphological characteristics.

Generally, the longitudinal profile of a river could be categorized into three parts: upstream,

middle stream and downstream. Variation of rivers is governed by the complex interaction of

sediment sizes, slopes and other influencing factors (Montgomery & Buffington, 1997). Figure

2.1 illustrates the general classification of river profile.

Different sediment size, slope and other river components create different characteristics

of channel geomorphology from upstream to downstream as shown in Figure 2.2. The middle

panel of Figure 2.2 shows the tendency of meandering river planform in the downstream area.

The forming process of meandering river will be described in the next section.
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Figure 2.1. River channel types according to the longitudinal profiles

(Montgomery & Buffington, 1997)
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Figure 2.3 shows another classification based on the river geomorphology which divides
the river profile into four segments: Segment M (mountain), Segment | (alluvial fan), Segment
II (meandering plain), and Segment Il (delta area) (Yamamoto, 2004). This classification
locates the meandering plain in Segment Il. This segment is characterized by 1/400 - 1/5,000
slope and 3 cm - 0.3 mm sediment size. Based on the sediment size, this segment can be
divided into two sub segments. In the first sub-segment (Segment 1l-1), sediment is ranging
from 3 cmto 1 cm, while the second sub-segment (Segment 11-2) has the sediment size ranging



from 1 cm to 0.3 mm. Meandering channel can be found both in Segment Il-1 and II-2. These
are the target segments of this study.

Research on meandering rivers has mainly attempted to explain the morpho dynamic
evolution of meandering rivers governed by the interactions among water flow, sediment
transport, channel planform, and bed morphology (Glneralp et al., 2012). Channel planform
are evolving as results of interactions among flow, sediment transport, and channel form
(Seminara, 2006).

Leopold & Langbein, (1966) showed that the effect of meanders is to introduce flow
resistance due to curvature. In such a way, uniform utilization of energy occurs through the
whole length of the meander reach. The meander pattern approaches more closely the
condition of equilibrium, as defined by entropy concept, than the non-meandering one.
Meandering is the most probable form of channel geometry which is more stable and natural
than a straight channel (Chitale, 1973).

Meandering rivers can be classified based on channel planform, aspect ratio, riverbed
slope and sediment size. There are three most referred categorizations of meandering rivers,
which were suggested by previous studies (Brice, 1975; D. L. Rosgen, 1994; Schumm, 1963)
as shown in Figure 2.4.
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These studies summarized the type of stable single-thread channel (Soar & Thorne, 2001).
Then three types could be defined through these studies, Type 1 for Equiwidth Meandering,
Type 2 for Meandering with point bars, and Type 3 for Meandering with point bars and chute
channels. Characteristics of three types shown in Figure 2.5 are summarized as follows (Soar
& Thorne, 2001).

Type 1: Equiwidth meandering (Schumm’s Type 3a, Brice’s Type A/B and Rosgen’s Type
E). This type is characterized by the low variability of channel width around the meander
bends. This type has low width/depth ratio, erosion resistant banks, and fine-grain bed
material (sand or silt). Banks are naturally stable and relatively low channel migration.

Type 2: Meandering with point bars (Schumm’s Type 3b, Brice’s Type C, and Rosgen’s
Type C). This type is characterized by intermediate width/depth ratio, moderately erosion
resistant banks, and medium grained bed material (sand or gravel). This type has well-
developed point bars, but a few chute channels. Moderate channel migration rates are
observed on this type, unless banks are stabilized.

Type 3: Meandering with point bars and chute channels (Schumm’s Type 4, Brice’s Type
D and Rosgen’s Type C/D). This type is indicated by high width/depth ratios, highly erodible
banks, medium-to-coarse grained bed material and (sand, gravel and/or cobbles). This type
has well-developed point bars and frequent chute channels. Moderate channel migration
rates is observed on this type, unless banks are stabilized.
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*Low B/H Ratio Intermediate B/H Ratio %:,:’Z;;D:;Z,gh B/H Ratio
*Bed Material Sand-Silt e Bed Material Sand-Gravel Bed Material Sand-Gravel-Cobbles
Bed Material Load (Bed, Suspended, Wash Load) Type (Soar and Thorne, 2001)
Low | Medium | Heavy
Bank Erosion (Soar and Thorne, 2001)
Resistant | Moderately Resistant ‘ Highly Erodible
Classification by Schumm (1963, 1977) Fig. 2.5 (a)
3a j — 4, 3 N = 7/
3b : //; TS .
Classification by Brice ( 1975) Fig. 2.5 (b)
AL : =
Agngeres Qfl/\\ff\\; SRA
B C Singl Phase, Wider at D gogle rase wderat
b grgophaso. Bends, Chutes Rare
Classification by Rosgen (1994) Fig. 2.5 (c)
,\//; ) ) /‘
_= («C > )
R \) \ )
= , 4
E ch/‘) C 7 // c D

Figure 2.5. Classification of meandering river (based on Soar & Thorne, 2001).
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Figure 2.6. Cumulative frequency of 499 measurements of bankfull aspect ratios of natural channels
(Church & Rood, 1983)

As is shown in Figure 2.5, width-depth ratio (aspect ratio), sinuosity and bed-bank
material size are the important parameters for the planform. But the boundary among high,
moderate or intermediate and low of these parameters is not clear. In order to find the
guantitative boundary, key values for each parameter are analyzed respectively.

a) Aspect Ratio

In Figure 2.5, aspect ratio is an important parameter for channel planform. The threshold
value of aspect ratio was determined by past study as follows; low aspect ratio is less than 12,
moderate to high is 12-40, and very high aspect ratio is more than 40 (Rosgen, 1994). Another
study investigated natural channels and mentioned that 50% of the distribution has a bankfull
aspect ratio of more or less than 25 (Church & Rood, 1983). The condition of cumulative
frequency of dataset is shown in Figure 2.6.

Related to other channel parameters such as tractive force and channel slope for bar
formation, Kuroki & Kishi (1984) found the important boundary (Figure 2.7) that the aspect
ratio between no bar and alternate bar is around 20-38 (Figure 2.7). This interpretation also
related to single thread of meandering river that might be classified based on bar formation
condition. 38 is similar with 40, but 20 to 25 can be another threshold. Figure 2.7, however,
aspect ratios 20 corresponds to | =0.01 and it is rather steep in meandering plain. Therefore,
larger value seems to be better. The parameter includes channel slopes, but the boundary of
the aspect ratio can be estimated (Santoso, 2017).
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Figure 2.7. Kuroki-kishi Diagram (Kuroki & Kishi, 1984) and Aspect Ratio Interpretation (after Santoso,
2017)

Based on overall studies above, an aspect ratio of 25 is considered as intermediate value
of aspect ratio and the aspect ratio is classified into four categories: Low Aspect Ratio (<12),
Low-Moderate (> 12 - < 25), Moderate — High (> 25 - < 40), and High (> 40).

b) Sinuosity

As shown in Figure 2.8, sinuosity is defined as stream length divided by valley length
(Rosgen, 1996). Based on the classification by past study (Rosgen, 1994), river course is
considered as low sinuosity if the value is lower than 1.2 (Figure 2.4 (d)). A value between 1.2
— 1.5 is considered to be moderate sinuosity (Rosgen, 1994), while river with sinuosity value
more than 1.5 is categorized as high sinuosity. In this study, only 1.5 is used to define the
boundary between high and low sinuosity in order to simply the classification.
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Figure 2.8. (a) Sinuosity (Rosgen, 1996). (b) Meandering Rivers Cross-Sectional Shapes (Soar & Thorne,
2001)

Past study divided each 10 km reaches to calculate sinuosity (Friend & Sinha, 1993).
Similar methods were also applied for each around 1km of Ciliwung River reaches (Ramdhani
& Setiawan, 2015) and around 3km of Cimanuk River reaches (Ramdhani et al., 2020) in past
studies in Indonesia. In this study, sinuosity was calculated for each 3km of target rivers.

Other parameters for meandering characteristics are meander wavelength (L») and
radius of curvature (R:). Meander wavelength (Lm) could be estimated from channel width
(W) as represented in equation (Soar & Thorne, 2001).

L, = (11.26 to 12.47)W )

11.9 is the mean of 11.26 and 12.47 and will be used in this study.

Radius of curvature (Rc) is estimated by L, as follows (Williams, 1986)

R - LmK'® )
13K —-1

where K is sinuosity.
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2.2 Regime Theory

The importance of “regime theory” has been widely discussed and several empirical
relationships were introduced to investigate stability condition of channel shape. These
studies tried to explain river width and depth by using discharge, sediment sizes, and slope.
For example, Julien & Wargadalam (1995) suggested the following equations.

h = 0.2Q0.33d(5)b175—0.17 (3)
W = 1.33Q0'44d5_(§)'115_0'22 (4)

Where h is river depth (m), W is river width (m), Q is bankfull discharge (m3/s) dso is
median grain size diameter of the bed material (m), and S is channel slope.

However, unit of right and left side of these equations are different and it is difficult to
understand the range of channel scale to apply the equation. Another study derived the
relationship among dimensionless channel forming discharge, relative width and relative
depth as follows (Fukuoka, 2010).

B 0 0.40 )
Z =425 ———
dr (gldrS)

0.38 (6)
h

LIPS (L)

dr (gldrs)

where B is width, h is depth, Q is channel forming discharge, d: is representative
diameter of the bed material in meters (usually deo), g is gravitational acceleration, I is channel

0.5
slope, and Q/(gldrs) is dimensionless channel forming discharge. Applicability of these
equations is shown in Figure 2.9.
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Figure 2.9. Dimensionless water surface width and water depth to dimensionless channel-forming
discharge (Fukuoka, 2010)

2.3 Stream Power and Channel Pattern

Channel pattern is related to stream power. Stream power w (W/m?) is a power
expenditure per unit width and length of stream bed (Bagnold, 1966). This parameter
generally refers to bankfull condition and could be defined as follows.

_ PgQrSe W)

w = TogUu
0 w

where 1o is the bed shear stress, u is the depth-averaged flow velocity, p is the density of
water, gis the acceleration due to gravity, Qur is the bankfull discharge, Sc is the channel slope
and W is the channel bankfull width (van den Berg, 1995). Figure 2.10 shows the relationship
between unit stream power of bankfull flow and valley slope. It can be identified that braided
channel and single thread channel with each P (sinuosity) parameter are determined by
stream power and valley slope. Braided channel tends to have higher stream power and
steeper slope.
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Figure 2.10. Unit Stream Power of Bankfull Flow versus Valley Slope (van den Berg, 1995)

Prediction of channel pattern was approached by potential specific stream power
(Kleinhans & van den Berg, 2011). Potential specific stream power is defined as follows (van
den Berg, 1995).

_Pgas, ®)
Wpy = W,

Where wpy is the stream power for the potential maximum of the available flow energy
corresponding to a minimum sinuosity P = 1, Sv is the valley slope (-), related to channel slope
as S = PSy, p is the water density (kg/m?3), g is the acceleration due to gravity (m/s?), Q is the
channel-forming discharge (m3/s) (mean annual flood or bankfull discharge), and Wr is the
reference channel width (m). The reference width Wris predicted the by following empirical
equation (Kleinhans & van den Berg, 2011).

Wr = a\/a ©)

where a =4.7 Vsm~1 for sand defined as D50 < 2mm and a =3.0vVsm™1 for gravel.

Figure 2.11 shows the classification of channel pattern based on the potential specific
stream power (8) and Dsp (Kleinhans & van den Berg, 2011). The definition of discriminators

in the graph are wwpm (discriminator between a braided and meandering pattern) = 900D§(')42
(blue line), wsc (discriminator between scroll and chutes meandering) = %Dé’b“z (green line),

and wis (discriminator of inactive-active pattern transition) = 90D€(‘)42 (red line).
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Figure 2.11. Patterns of equilibrium alluvial rivers plotted with the potential specific
streampower related to valley gradient and predicted width. A. Data subdivided by bar pattern and
B. Data subdivided by sinuosity (Kleinhans & van den Berg, 2011)

Figure 2.11 (A) shows that most rivers are correctly plotted above the applicable
threshold and it can be used to predict channel pattern based on potential specific stream
power and median grain size (Dsp). Figure 2.11 (B) shows similar condition with sinuosity
values and it can be explained that the threshold of potential stream power also correspond
to meandering pattern. However, below the red line threshold where several pattern of
sinuous river (bar or without bar) might still exist and it is necessary to re-interpreted.
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Figure 2.12. River Channel Pattern Prediction From Self-constraining Leading to a Tortuous Channel
Pattern, and Freely Eroding Banks Leading to a Normal Meandering Channel Pattern (Candel et al., 2021)

Another effort to define additional discriminator was made by using silt-clay fraction in
the river bank (Candel et al., 2021). Empirical relation between critical shear stress (t.) and
silt clay (SC) fraction was derived as follows (Julian & Torres, 2006).

Te_em = 0.1+ 0.1779(SC) + 0.0028(SC?) — 2.3E-5(5C3) (10)

This equation was transformed into the relation between potential specific stream power and
silt-clay fraction (Candel et al., 2021) and determined as wm (discriminator of tortuous—
meandering pattern transition) by using next equation,

TC—tmLSC (11)
Wem = —F/—
VP
where Cis chezy friction = 28 (Kleinhans & van den Berg, 2011).

Another relationship between critical shear stress (z.) and silt-plus clay (SC) fraction of
river bank was delivered as follows (Mitchener & Torfs, 1996).

Te_ir = 0.1(SC) + 0.1 (12)

This equation also was transformed into potential specific stream power (Candel et al., 2021)
and determined as wit (discriminator of the inactive—tortuous pattern transition) by using next
equation.
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(13)

where C is chezy friction = 28 (Kleinhans & van den Berg, 2011).

Detail of transformation process from silt-clay percentage into critical shear stress, to
derive these discriminators (wwm and wi:) are explained in the supplementary document
provided by Candel et al., (2021). These discriminators (wtm and wi) are useful in order to
improve channel pattern prediction for river with cohesive material which was not
interpreted well in previous study (Kleinhans & van den Berg, 2011). This study defined both
discriminators (wwm and wit) by using SC = 87.5% as middle value from upper range of of SC
(75-100%) that has been introduced by Candel et al., (2021).

2.4 Silt-Clay Percentages in Bank and Bed Material

Bank strength is related to silt-clay percentage and cohesivity condition. The cohesive
fraction of clay and very fine silt is defined as particles with diameters smaller than 8 um (Van
Rijn, 2020). The relationship between cohesiveness and silt-clay percentage could be defined
as shown in Table 2-1. Then at least 20% percentage of silt could be interpreted as cohesive
channel.

Table 2-1. Type of Sand-Mud Mixtures (Van Rijn, 2020)

Type of sediment Percentage Percentage Percentage Percentage
of organic of Clay+Fine of Silt of Sand
material Silt (< 8 pm) (8 to 63 pm) (>63 um)

Sand (non-cohesive) | 0% 0% 0% 100%

Muddy Sand (weakly-cohesive) | 0-10% 0-5% 20-40% 60-80%

Sandy Mud (cohesive) | 0-10% 5-10% 30-60% 60-30%

Mud (cohesive) | 0-20% 10-20% 50-70% 0-10%

Silty Mud (cohesive) | 0-20% 10-40% 60-80% 0%

Clayey Mud (cohesive) | 0-20% 40-60% 40-60% 0%
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Figure 2.13 Relationship Sinuosity and Width-Depth Ratio (left) and Relationship Sinuosity and Silt-Clay
Index (right) (Schumm, 1963)
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Schumm (1963) stated that sinuous streams on the Great Plains are characterized by
relatively narrow and deep channels, a higher percentage of silt-clay in the perimeter of the
channel, and a gentler gradient than less sinuous streams. Relationship among sinuosity,
width-depth ratio with silt-clay index of channel parameter (M) is shown in Figure 2.13.

Silt-clay index of channel perimeter (M) was introduced as weighted mean silt-clay
percentages which represents the bed-bank material condition (Schumm, 1960). Silt-clay
percentage is defined as percentage of passing material through the 200-mesh sieve or the
portion smaller than 0.074 mm. M is derived by next equation:

M = Ched(W)+Cpank(2d) (14)
W+2d

Where Cpank is silt and clay percentages in channel banks, Cpeq is bed silt and clay
percentages, W is bankfull width, and d is average depth.

Based on the results shown in Figure 2.13, relationship among width-depth ratio (F),
sinuosity (F), and weighted mean silt-clay percentages (M) were calculated as follows.

p = 3.5F027 (15)
P =0.94M%2 (16)
Another relationship from previous study (Schumm, 1960) also was explained as follows.
F=255M108 (17

As mentioned in Chapter 2.1.b, Sinuosity (P) = 1.5 is considered to be an important
threshold. If P = 1.5 is substituted in (15), F =23 is obtained. This value is close to F = 25 that
is also important threshold of aspect ratio. If P = 1.5 is substituted in (16), M =6.5 obtained.
But Schumm (1960) suggested another formula (17) that represents the relationship between
F and M. In this case, M = 8.6 can be obtained by substituting F = 25.

These results also imply both sinuosity of 1.5 and aspect ratio 25 become significant
boundary. By using (15) to (17), probable threshold value can be estimated as is shown in
Table 2-2. P and M are derived from F in Table 2-2(a) by using (15) and (17). F and M are
derived from P in Table 2-2(b) by using (15) and (16). F and P are derived from M in Table
2-2(c) by using (17) and (16). As the threshold value of M in Table 2-2(c), M = 20 was used
because that is considered to be the boundary between cohesive and non-cohesive if bank
and bed material is same. Based on Table 2-2, F=10, P=1.3, 1.8 and M =5.6, 6.5, 8.6, and 17
are possible boundary to analyze the characteristics. These values should be checked when
the field measurement data is analyzed.
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Table 2-2. Summary of Aspect Ratio (F), Sinuosity (P) and M Values

(a) | Aspect Ratio (F) Sinuosity (P) M Value
12 (Rosgen, 1994) 1.79 16.94
25 (Church & Rood, 1983) 1.47 8.59
40 (Rosgen, 1994) 1.29 5.56
(b) | Sinuosity (P) Aspect Ratio (F) | M Value
1.2 (Rosgen, 1994) 52.69 2.65
1.5 (Rosgen, 1994) 23.06 6.48
(c) | MValue Aspect Ratio (F) | Sinuosity (P)
20 (Van Rijn, 2020) 10.03 1.99

*from predicted value

2.5 Bankfull Shear Stress, Excess Shear Stress, Silt-Clay Percentage and
Erosion Rate

Figure 2.14 shows the schematic cross-section of alluvial river with bankfull condition.
Bed and bank material can be identified and shear stress in the center of river channel is
considered to exceeded the threshold motion. The cross-sectional geometry of fine-grained
rivers is set by the threshold stress of cohesive bank-toe material, the structural anchor of the
river bank (Dunne & Jerolmack, 2018). Bankfull fluid shear stress could be defined as follows.

Tpr = pgHyrS (18)
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Figure 2.14 Schematic Cross-Section Under Bankfull Condition (Modified from (Dunne, 2020))
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Figure 2.15 Bankfull shear stress tvf against median grain size D50 for gravel-bedded (D > 1 cm) and
fine-grained (D < 1 cm) rivers (Dunne, 2020))

Tvf and Hpr are bankfull fluid shear stress and depth under bankfull condition respectively
and S is the river slope. t¢ is determined from fitted Shield-curve shown in blue line in Figure
2.15 (Van Rijn, 2020). Bankfull shear stress tr of gravel-bedded (D > 1 cm with red plots) and
fine-grained (D < 1 cm with blue plots) rivers is shown in Figure 2.15. Pink band obtained by
Dunne (2020) from experiment determined the range of 1. for sand-clay mixtures and the
value is from 6 to 10 N/m?2.

In case of pure bedload river, the channel is maintaining a stable and consistent width
when the shear stress is at the threshold of motion for the material at the banks and slightly
above the threshold of motion in the center (Parker, 1978). Another study extended the
concept of Parker’s model into the channel occupied by fine-grained materials based on the
hypothesis that river channel geometries, and their subsequent sediment transport state are
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either controlled by the erodibility of their beds or banks (Dunne, 2020). His research shows
the coarser gravel is more difficult to be entrained than any cohesive bank material, while the
finer sand is easier to be entrained than any cohesive bank material.

In bankfull condition, sediment transport capacity of a channel is often modeled as a
function of the excess stress that is the difference between the bankfull and critical
dimensionless shear stress (t'vf -T'c) (Luque R & Van Beek, 1976). The critical Shields stress
(t"c) describes the amount of stress needed to initiate median grain motion normalized by
the grain size, and is generally between 0.03 and 0.08 (Pfeifer et al., 2017). Then the averaged
bankfull Shields stress is calculated as follows (Dunne, 2020).

_ HyfS (19)
b = RDg

where R=1.65 is assumed to be relative submerged grain density.

Related to bank erosion rate studies, excess shear stress (t-1¢) is the difference between
shear stress by flow and critical shear stress for entrainment which defined by silt-clay
percentages (Julian & Torres, 2006). If the fluid shear stress (t) does not exceed the critical
shear stress (tc) at which the soil particles are entrained, the soil remains stable (Osman &
Thorne, 1988).

Past studies investigated the bank erosion rate in the Sacramento river (Ercan & Younis,
2009) and U-Tapao river (Patsinghasanee et al., 2015). Target area in the Sacramento River
located in Segment Il because it is around meandering plain and around 100 km from river
mouth. While target area in the U-Tapao river is located in Songkhla Province, Thailand the
segment of the target area is considered to be Segment Il because dso is around 0.34mm.
Within the study sites of the U-Tapao River, riverbed and riverbank materials did not vary
significantly with the silt-clay percentages in the riverbanks between 50.1% and 82.5%.
Patsinghasanee et al., (2015) used polynomial equation which was developed by generated
rating curve of silt-clay percentage (Psc) (Julian & Torres, 2006) to get bank critical shear stress
(tpc) for the U-Tapao River.

Bank erosion rate calculation of this study used following equations (Patsinghasanee et
al., 2015).

€ =kq(tho — Tpe)* (20)

ky =10"77705 (21)

Tpo = pgDi (22)

Tpe = 0.1+ 0.1779(Ps.) + 0.0028(PZ.) — 2.3E75(P3.) (23)

Where ¢ is the lateral fluvial erosion rate (m/s), a is the exponent generally considered to be
1 (Partheniades, 1965; Arulanandan et al., 1980) and k_ is the erodibility coefficient (m3/Ns).
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Tpo is the actual or cross-sectional shear stress (Pa or N/m?), p is the density of water (1,000
kg/m3), D is the water depth (m), and i is channel slope.
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3.1 Target Rivers

This study covers 11 target rivers: 4 rivers located in Southeast Asia and 7 Rivers located

in Japan (Table 3-1).

Chapter 3
Field Observation
and Data Collection

Table 3-1. Target Rivers General Characteristics Summary

Target Location Cathment | Annual Discharge in | Total Target Slope
. . 3
Rivers (City/  Prefecture/ Area2 Rainfall m3/s . Length A.rea of
(Country) Province) (km?) (mm) (MAMD*) or | (km) Distance | Target
(MAMDD**) From Area
or (Q***) River (m/m)
Mouth
(km)
Kanogawa (Numazu, Mishima, | 852 2000 927.75 46 5-12 1/1921
(Japan) Nagaizumi, (middle to | (MAMD)
Izunokuni) Shizuoka lower
reach)
3000
(upstream)
Old Ara | (Omiya, Urawa, | 2,940 1400 1,627.1 173 50-64 1/2500
(Japan) Kawagoe, (1200- (MAMD)
Chichibu,etc) 1800)
Saitama
Iruma (Kawagoe, Iruma, | 737.3 900-1500 404.17 63 5-12.4 1/600-
(Japan) Hanno) Saitama (MAMD) 1/2500
Oppe (Kawagoe) Saitama | 399.6 900-1500 634.2 35.8 0-15 1/600-
(Japan) (MAMD) (Segment 1/3790

1)
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Target Location Cathment | Annual Discharge in | Total Target Slope
. . 3
Rivers (City/  Prefecture/ Area2 Rainfall m?3/s . Length A.rea of
(Country) Province) (km?) (mm) (MAMD*) or | (km) Distance | Target
(MAMDD**) From Area
or (Q***) River (m/m)
Mouth
(km)
Watarase (Kiryu) Tochigi | 2,621 1790 980.88 111.7 13.5- 1/1700-
(Japan) (Ashikaga) Gunma (Ashio) (MAMD) 32.5 1/4000
1240
(Kiryu)
Naka (Naka, Hitachinaka, | 3,270 1300 2,167.2 150 5-26 1/2500
(Japan) Mito. Hitachiomiya. (Mito) (MAMD)
Higashiibaraki, 2000
Nasukakarasuyama) (Nasu)
Tochigi, Ibaraki
Kuji (Japan) | (Hitachiota, Naka, | 1,490 1400 889.62 124 2-23 1/1200
Hitachiomiya, (MAMD)
Daigocho,
Tokaimura,
Asakawa, Tana
kura, Hanawa,
Yamatsuri,
Samegawamura,
Otawara) Ibaraki
Cimanuk (Majalengka, 3,770 2800 636.28 240 43-99 1/4000-
(Indonesia) | Indramayu) West (MAMDAD) 1/5000
lava 1,269.7 (Q,)
Ciliwung Jakarta, (Depok, | 337 2500 217.41(Qz) | 109.7 22-70 1/4000
(Indonesia) | Bogor) West Java
Serayu (Banyumas, Cilacap) | 3,738 1700-4000 | 3,895.8 (Q;) | 305.81 5-28.3 1/4000
(Indonesia) | Central Java
Sangkae Battambang 3,707.5 1500-2000 | 634.28 82 49-68 1/3000
(Cambodia) (MAMDAD)

**Mean Annual Maximum Daily Average Discharge (MMADAD)

*Mean Annual Maximum Discharge (MMAD)

***Flood Design Discharge 2 Year Return Period (Qz)
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3.2 Target Rivers in Southeast Asia

Segment classification for Southeast Asian rivers is not clear, but all rivers are considered
to be classified in Segment 11-2, while the sediment size is around 0.3mm.

a) Cimanuk River

The Cimanuk River is located in West Java Indonesia with the catchment area of around
3,770 km?, and flows northward into Java Sea near Indramayu city area (Figure 3.1). The total
length of the river is approximately 240 km with gradient, 1/150 to 1/500 in upper reaches,
1/2,000 to 1/3,000 in middle reaches and less than 1/5,000 in lower reaches.

Jatibarang

Google Farth

Figure 3.1 Cimanuk River Basin (Ministry of Public Works and Housing, 2017)

-Tar et Area
1 [

0, 3 6 km

Java Sea

Rentang Barrage

Jatigede Dam

Google Earth

Google Earth

Figure 3.2 Target Area of The Cimanuk Rilver (Ramdhani et al., 2020)
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64 km from downstream 75 km from downstream

90 km from downstream 98 km from downstream

Figure 3.3 Pictures of the Cimanuk River

The study area is located in the lower reach of the Cimanuk River from Rentang Barrage
to Rambatan Weir. The length of the study area is around 56 km (Figure 3.2) and the riverbed
slope of the study area is around 1/4,000 — 1/5,000. The average annual rainfall is around
2,800 mm. Flood discharge of 2 years return period is around 1,269.7 m3/s (Cimanuk
Masterplan, 2017). Figure 3.3 shows pictures of the study area.

Typical soils distributed in each sub-basin are summarized below (JICA, 2015):

a. Upper basin: Regosol 32% (Clayey loam to sandy loam), Latosol 25% (heavy clay)
and Andosol 17% (clay)

b. Middle basin: Latosol, 70 % (heavy clay) and Alluvial (sandy loam, loam and clay)

c. Lower basin: Gley 78%, (clay) Alluvial 18 %, (sandy loam, loam and clay)
Mediterranean and Podzolic.
Geological Map of the Cimanuk River is shown in Figure 3.4.
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Figure 3.4 Geological Map of Cimanuk River

b) Ciliwung River

The Ciliwung River is located in Jakarta, Indonesia. Upstream origin of this river is located
in Mount Gede-Pangrango, Bogor, and the river flows through Bogor, Depok, Jakarta and
empties to Java Sea. The total length of the main river is 109.7 km and the river basin area is
around 337 km? with annual rainfall, around 2,500 mm. Riverbed slope is around 1/4,000.
Study area is from segment 4-6 in Figure 3.5 which is located around Depok and Jakarta.
Pictures of the Ciliwung River condition are shown in Figure 3.6.
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Figure 3.6 Pictures of the Ciliwung River
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Figure 3.7 Geological Map of The Ciliwung River

Table 3-2. The Ciliwung River Discharge with Different Return Period (Ministry of Public Works and

Housing, 2008)
Return Period | 1 2 5 10 20 25 50 100 1000
(year)
Discharge 105.31 | 217.41 | 308.12 | 361.68 | 391.41 | 417.47 | 454.05 | 492.87 | 585.96
(m>/s)

Existing capacity of lower reach in the Ciliwung River is around 200 m3/s. The
improvement work of the river capacity is on-going with target design capacity of 500 m3/s.
Flood discharge is shown in Table 3-2.

Geological characteristics of this river are dominated by river sedimentation and
volcanism deposit (Figure 3.7). Overall basin characteristics can be summarized as
quaternary/holocene geological period with extrusive, intermediate and pyroclastic rock type.

c) The Serayu River

The Serayu River is located in Central Java, Indonesia. Catchment area of this river is
around 3,738 km? with total river length of 305.81 km (Figure 3.8). Annual rainfall of this river
from 1,700 mm to 4,000 mm and 2-year flood is around 3,895.8 m3/s (Table 3-3). Riverbed
slope is around 1/4,000.
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Figure 3.9 Geological Map of The Serayu River

Table 3-3. The Serayu River Discharge With Different Return Period (Ministry of Public Works and
Housing, 2016)

Return  Period | 2 5 10 25 50 100
(year)

Discharge (m3/s) | 3.895,80 | 5.049,31 | 5.812,93 | 6.778,06 | 7.493,94 | 8.204,53
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Geological characteristics of this river dominated by river sedimentation with alluvium
rocktype (Figure 3.9). Overall basin characteristics can be summarized as
quaternary/holocene geological period with clastic and alluvium rock type.

d) The Sangkae River

The Sangkae river has catchment area of 3,707.5 km? (Figure 3.10), average annual
rainfall of 1,280.7 mm (2000-2011) with mean annual maximum daily discharge of 634.28
m3/s (JICA, 2013). The river originates in Phnom Kbal Lan (Pursat province) and extends for
about 82 km from Battambang municipality to the Tonle Sap Lake (Diepart, 2015). Riverbed
slope is around 1/3,000. Soil type in the Battambang province is alluvium tending to retain
water much more water than rocky or sandy soils (JICA, 2013). Overall basin characteristics
can be summarized as quaternary geological period with sandstone Triassic, colluviums and
limestone rock type (Diepart, 2015). Pictures of the Sangkae River condition are shown in
Figure 3.11.

s jix Banteay Mean Chey Province
4 Siem Reap Province
SRy
Thma Koul e
Phnom Proek i b 2 -
b -~
Kamniang Tonle Sap
Thailand Pailin
Province
JKaoos Krala .Molmg Ruessai £
District Centre
Rokhak Ki
Sangkae River
¥ I I:] Catchment boundary
Pursat Province PO
Tonle Sap Lake

Figure 3.10 The Sangkae River Basin (Diepart, 2015)
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52 km from downstream 58.2 km from downstream

64 km from downstream 67 km from downstream

Figure 3.11 Pictures of The Sangkae River Condition

3.3 Target Rivers in Japan

a) The Kano River

The Kano River is class A river which is located in Shizuoka Prefecture. This area has heavy
rainfall, steep gradient, and it makes surrounding area prone to flooding in past. The Kano
River starts from Mount Amagi in the center of Izu Peninsula to northern part into Suruga Bay
at Numazu. This river has 46 km length and has a watershed of 853 km? (Figure 3.12). Segment
[I-1 in this river located from 12 km to 23 km and Segment II-2 is from 0-12 km from river
mouth. Pictures of the Kano River condition are shown in Figure 3.13. Geology in Japan rivers
is summarized in Table 3-5.
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Figure 3.12 Kano River Basin (MLIT, 2012)

7 km from downstream 11 km from downstream

Figure 3.13 Pictures of The Kano River

b) The (Old) Ara River

In the past around four hundred years ago, several alighment and straightened works
were done in the Ara River. Abandoned channels or oxbow lakes (Old Ara) also can be found
in some locations. The Ara River is class A river and flowing through Saitama and Tokyo.
Upstream origin of this river is located at Mount Kobushi in Saitama Prefecture, and the river
flows into Tokyo Bay. This river has 173 km length and the drainage basin covers 2,940 km?
(Figure 3.14). Segment 1I-1 is from 54-75 and segment II-2 is from 44 to 54 km from river
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56.4 km from downstream 62 km from downstream

Figure 3.15 Picture of The Old Ara River

mouth. The Old Ara which is the target area of this study located from 50 km to 64 km from
river mouth. Pictures of the Old Ara River condition are shown in Figure 3.15.

c) Iruma River

The Iruma River is flowing from Mount Omochi in Saitama to Arakawa River at Kawagoe,
Saitama. The catchment area around 721 km? with total length of the main channel is 63 km,
16 km belongs to Segment Il. Segment II-1is 2.4 km to 12.4 km and Segment 11-2 0 to 2.4 km
from the confluence with Arakawa River. Pictures of the Iruma River condition are shown in
Figure 3.16.
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10 km from confluence 8 km from confluence

Figure 3.16 Pictures of The Iruma River

5 km from confluence 1 km from confluence

Figure 3.17 Pictures of The Oppe River

d) Oppe River

The Oppe River is the main tributary of the Iruma River and has catchment area of 65.2
km? with total length 35.8 km. Segment II-2 is from from 0 km to 15 km from confluence with
the Iruma River. Pictures of the Oppe River condition are shown in Figure 3.17.

e) The Watarase River

The Watarase River is the tributary of the Tone River which has 106.7 km in length and
its catchment area is around 2,621 km?* (Figure 3.18). Segment II-1 is 2 km to 32.5 km and
Segment 1I-2 is 13.5 to 23 km from confluence with Tone River. The government of Japan
categorizes it as a class A river. Upstream of this river is located in Mount Sukai on the
boundary of the city of Nikko in Tochigi Prefecture and it empties into the Tone at the
boundary of the city of Koga in Ibaraki Prefecture and the town of Kitakawabe in Saitama
Prefecture. Pictures of the Watarase River condition are shown in Figure 3.19.

37



e
-
e -
s - .
x
- - onn 4
v R ens \
& "
» {
« 2| - o
S max) ),
- . -—r . \a
i o
. . - w -
- o p-
3]
..
e
LAL BRI 1 ol 2 ) e
.
n

A N
men
—— N y : ‘7-.-:-0-0-
- = TR .
—a tae sew sl
b . s sk "E‘_"ﬂ =
. ; - " oa N o o

18 km from confluence 23 km from confluence

Figure 3.19 Pictures of The Watarase River

f) The Naka River

The Naka River is a class A river in the boundary between Fukushima and Tochigi
Prefectures which has catchment area of around 3,270 km? (Figure 3.20). The Naka River
flows to Pacific Ocean across 13 cities, 8 towns and 1 village. Total length is around 150 km
and 76 km belongs to Segment 2. From 0 km to 20 km is Segment 2-2, and from 20 km to 76
km is Segment 2-1. Slope range in The Naka River from 1/2500 to 1/600. Picture of the Naka
River condition is shown in Figure 3.21.
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Figure 3.21 Picture of The Naka River (Santoso, 2017)

g) The Kuji River

The Kuji River is a class A river which has 124 km length and a catchment area of 1,490
km? (Figure 3.22). This river is located in around the boundary of Fukushima, Tochigi and
Ibaraki Prefectures and flows from Mount Hachiyoshi into the Pacific Ocean. Total length of
Segment Il of this river is around 31 km. From 0 km to 14km is Segment II-2, and from 14 km
to 31 km is Segment 2-1. Slope range is around 1/2000 to 1/460. Picture of the Kuji River
condition is shown in Figure 3.23.
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Figure 3.22 The Kuji River Basin (MLIT, 2012)

9 km from downstream

Figure 3.23 Picture of Kuji River (Santoso, 2017)
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3.4 Data Collection

Number of cross-sections and sediment samples collected in target rivers are
summarized in Table 3-4.

Bank material in the Serayu River could not be collected in this study, but the past study
indicated that bank material is considered to be mostly sand because of sand mining activity
(Purwono, 2018). This problem is also pointed out by South Java Flood Control Sector Project
(ADB, 2007) and water resources masterplan for Serayu River (Ministry of Public Works and
Housing, 2016). Bed sediment sampling was conducted in 2012 for the study about BOD-DO
in downstream part of Serayu River (Herdyasrastiti, 2015).

Table 3-4. Number of Data in Each River

Target Number of | Bed Bank
Rivers Cross-Sections Material | Material
Data (year) (Samples) | (Samples)

Kanogawa | 38 (2007) 2 2
Watarase | 29 (2007) 3 3

Old Ara 8 (2007) 2 2

Oppe 75 (2012) 5 5

Iruma 38 (2012) 3 3

Kuji 53 (2011) 2 2

Naka 31 (2011) 2 2
Serayu 8(2017) 8 N/A
Cimanuk | 25 (2014) 4 4
Sangkae 7 (2013) 3 3
Ciliwung 24 (2013) 4 4

a) Cross-Sectional Data

Channel cross-section data of Japanese rivers was obtained from MLIT (Ministry of Land,
Infrastructure, Transportation, and Tourism). The dataset from MLIT consists of channel
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Apt = Wiy * abkf

Wige= B = bankfull width Ayie= bankfull cross sectional area
dyxr = H = bankfull mean depth or average depth dax = maximum depth

Figure 3.25 Cross-Sectional Dimension (D. Rosgen, 1996)

cross-sectional data for several yearly data. In case of the Old Ara River, some points of the
current Ara River also contain the cross-sectional data of old channel. Field observations also
were conducted to verify the obtained data of the old channel cross-section (Figure 3.24).

Cross-sectional data for Indonesian Rivers (Cimanuk, Ciliwung and Serayu) were obtained
from Ministry of Public Works and Housing. The cross-sectional data of the Cimanuk River in
2007 and 2014, the Ciliwung River in the beginning of 2013, and the Serayu River in 2017 were
collected. Survey for the Sangkae River in Cambodia was conducted from 2011 to 2013 by
ourselves.

Cross-sectional data was analyzed to determine cross-sectional dimension (Figure 3.25).
The essential part of this analysis is to determine the bankfull water level. After the bankfull
water level is determined, then the cross-sectional area (Awk) was calculated. B (W)
corresponds to the surface water width, and H (dwkf) corresponds to the average depth. Those
parameters were calculated under bankfull discharge condition. Mean depth (H) was
estimated as the division of channel area (A) by surface water width (B). It is necessary to use
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Figure 3.26 Samples Cross-Sectional Shapes for Each Rivers (AR is Aspect Ratio)

this method to get the representative depth values of irregular shape of riverbed. MS Excel
spread sheet for cross-sectional shape parameters calculation (D. E. Mecklenburg & A. Ward,
2004)* was taken from USDA Stream Corridor Restoration Workgroup, output of the program
is shown in Figure 3.26.

Definition of the bankfull discharge is based on bankfull water level at the bank edge.
However, there is difference between bankfull discharge and mean annual maximum
discharge, even though both are considered to be channel forming discharge. Figure 3.27 is
the comparison of the bankfull and mean annual maximum discharge in target rivers. Aspect
ratio for mean annual condition is higher than bankfull condition. However, in other cross-
sections, aspect ratio for mean annual condition is lower than bankfull condition. Aspect ratio
of bankfull condition might be decreased by channel deepening phenomena for channel with
fine sand material. In this study, aspect ratio of bankfull condition is focused on. The reason
is to ignore the effect of hydrological condition and the discharge variation.

*(https://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/water/?cid=stelprdb10
43249),
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Figure 3.27 Bankfull and Mean Annual Maximum Discharge
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Figure 3.28 Schematic Condition of Bed-Bank Material

b) Sediment Data

Sediment was taken in riverbank and riverbed. River bank is the location between water

level at bankfull flow condition and water level at observation time (normal flow condition).

Riverbed is defined as the wetted perimeter under water level of observation time as shown

in the Figure 3.28.

Scoop (Figure 3.29) was used to collect sample of bed material in shallow channel (Figure
3.30 right). If the channel is deep and scoop cannot be used, then Ekman Berge Sampler
(Figure 3.29) was used to solve this problem (Figure 3.30). Bank material was also collected
(Figure 3.31) to understand the bank condition. Samples of sediment material from each
location were then put in a plastic container. Each collected sediment sample were used for
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grain size analysis. This analysis was done by sieving method. Mass of each sieved sample was
measured and then percentage distribution of sieved samples were obtained. Output of this
analysis is grain size distribution curve based on ASTM D422-63 Standard Test Method for
Particle-Size Analysis of Soils (ASTM D-422-63, 2007).

Burmister (1952) stated that any grain size between 0.05 mm and 0.1 mm could be used
as the boundary between silt-clay and sand, and it is feasible to use either the 200-mesh
(0.074 mm) or 230-mesh (0.0625 = 1/16 mm) sieves. Physical reasons for the selection of the
200-mesh sieve as the boundary between silt-clay and sand is that soil becomes less drained
and capillarity increases with increase in material passing the 200-mesh sieve (Burmister,
1952). In this study, fine material with grain size smaller than 0.074 mm (200-mesh) was
collected to calculated the weight percentage which was used for silt-clay index analysis.

Figure 3.30. Sample collection on riverbed by using Ekman Berge (left) and Scoop (right)
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Figure 3.31. Sample collection on riverbank

Figure 3.32. River Centerline and Sinuosity Analysis

c) Satellite Imagery

Identification or delineation of river centerline was conducted based on the satellite
imagery obtained from Google Earth. The historical imagery was also available at some rivers,
and it was also possible to observe surrounding river environment in the satellite imagery.
River centerlines were delineated and splitted into around 3km reach by using QGIS. After

that, sinuosity was analyzed for each reach (Figure 3.32).
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d) DEM Data

For Japanese rivers, DEM data with 5-meter resolution were obtained from Geospatial
Information Authority of Japan (http://maps.gsi.go.jp). For Indonesian rivers, DEM data with

8-meter resolution were obtained from Indonesian  Geospatial Agency

(https://tanahair.indonesia.go.id/demnas/#/demnas). The DEM data for Java Island were
obtained in 2011. The Sangkae River in Cambodia has SRTM DEM with 30-meter resolution.

e) Geological Map
Geological conditions of Japanese rivers were analyzed based on The Seamless Digital

Geological Map of Japan provided by Geological Survey of Japan, AIST. Geological condition
is shown on each grid and was accessed through website.
(https://gbank.gsj.jp/seamless/download/downloadindex_e.html).

Geological conditions of Indonesian rivers were analyzed by regional geological map
provided by Indonesian Geology Research Center. The Sangkae River's geological conditions
were explained in the report “Learning for resilience: Insights from Cambodia’s rural
communities” (Diepart, 2015) and “PREPARATORY SURVEY ON THE PROJECT ON ADDITIONAL
NEW WATER TREATMENT PLANTS FOR KAMPONG CHAM AND BATTAMBANG WATERWORKS
IN THE KINGDOM OF CAMBODIA” (JICA, 2013)

Based on the geological map, characteristics of target rivers are summarized in Table 3-5.

Table 3-5. Geological Characteristics of Target Rivers

Target River | Aspect Ratio Meander Geological Rock Type
Classification Period/Epoch

Kanogawa Moderate-High Meandering  with | Cretaceous Volcanic Rock (not
Point Bars and volcanoes)
Chute Channel

Watarase Moderate-High Meandering with | Cretaceous Volcanic Rock (not
Point Bars and volcanoes)
Chute Channel

Old Ara Moderate-High Meandering  with | Jurassic Sedimentary Chichibu-belt
Point Bars and Jurassic
Chute Channel

Oppe Low-Moderate Meandering  with | Quaternary, Jurassic
Point Bars (Old | Pleistocene .

Sedimentary

Channel)

Iruma Low-Moderate Meandering with | Jurassic Sedimentary Chichibu-belt
Point Bars (Old Jurassic
Channel)
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Target River | Aspect Ratio Meander Geological Rock Type
Classification Period/Epoch

Kuji Moderate-High Meandering with | Middle to Late | Accretionary complex
Point Bars and | Jurassic
Chute Channel

Naka Moderate-High Meandering with | Early Miocene | Sedimentary rocks
Point Bars and | to Middle | (sandstone, slate) in the
Chute Channel Miocene middle part, and Kanto loam

on the downstream part.

Serayu Moderate-High Meandering  with | Quaternary, Sediment, Clastic, Alluvium
Point Bars and | Holocene
Chute Channel

Cimanuk Low-Moderate Meandering with | Quaternary, Sediment, Clastic, Alluvium
Point Bars Holocene

Sangkae Low-Moderate Meandering with | Quaternary Sandstone Triassic,
Point Bars colluviums + limestone

Ciliwung Low Equiwidth Quaternary, Sediment, Clastic, Alluvium
Meandering Holocene Extrusive, Intermediate,

Pyroclastic
f) 0ld Map

Several historical maps were investigated in this study, especially for Japanese rivers. The

purposes of this investigation are mainly to identify the old river course and surrounding

condition. Also from the maps, the width variation of old river channel could be checked.

This is the list of historical maps that were used for this study

1. 1899 Historic Agriculture Environment, Released by Japan National Institute for Agro-

Environmental Sciences (Figure 3.33).

2. Time Series Topographic Map (Figure 3.34) browsing site "4 & <~ on the web"

provided by TANI Kenji's Laboratory Human Geography, Faculty of Education, Saitama

University (http://ktgis.net/kjmapw/index.html).
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Figure 3.33. Historical Map - 1899 Historic Agriculture Environment

Figure 3.34. Time Series Topographic Map Website Interface
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Chapter 4
Results and Discussion

4.1 Sediment Size Variation

The sediment samples from the field survey were tested in a laboratory to obtain the
sediment characteristics. This section describes the grain size distribution of the bed and bank
material. Grain size distributions of the sampled sediments obtained through the laboratory
test are shown in Figure 4.1 and Figure 4.2.

The bed material of the target rivers could be divided into 3 types based on the grain size
of main component: coarse sand (0.5-2mm), fine sand (0.075-0.5mm), and silt-clay (<
0.075mm). The coarse and fine sand were found in both Japanese and Southeast Asian rivers.
Cohesive material is typically found in a narrow and deep channel such as the Ciliwung and
the Sangkae Rivers.

The bank material could be categorized into 2 types: cohesive and non-cohesive bank.
Cohesive material here is same with the silt-clay in bed material. All the river banks in Japan
and Southeast Asia can be classified in these two categories. In general, rivers in Japan have
less cohesive banks than the Southeast Asian rivers. Therefore, river banks of Southeast Asian
Rivers are considered to be more stable than those of Japanese rivers.

While Japanese rivers have less silt-clay percentage compared with Southeast Asian
rivers, the grain size distribution of sand (0.075-2mm) of the riverbank in Japan and Southeast
Asian is nearly identical to each other. In these rivers, 0.075-1mm material that is a main
component of the bank is transported as suspended material. Grain size distribution in the
Old Ara River seems to be different but it may be due to dropped pebbles in the abandoned
river channel (oxbow lake).

The difference of bed material is affected by upstream geological condition (Figure 4.3).
Volcanic rivers in Japan can produce large amount of fine material compared to sedimentary
rivers. On the other hand, sedimentary rivers in Japan can produce 1mm to 1cm material that
is rare in other rivers. Fine sand in Southeast Asian rivers similar with sizes of bank material
in Japan, because fine sand material are suspended material
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Table 4-1 summarized the condition of bed-bank material. Each type is represented by
red, green, yellow, brown and blue color in order to clarify the plots of each type in the graphs
shown later. This classification is considered to be important for evaluation of other
parameters such as sinuosity and aspect ratio.
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Table 4-1. Classification of Bed and Bank Material Condition

Bank

Bed

Coarse Sand With Coarse Gravel

Fine Sand

Silt-Clay

Fine Sand

=Y |

Iruma-1

(dspped:7.06mm, dsgpank: 0.20mm)
Iruma-2

(dspped: 6.56mm, dsgpani: 0.14mm)
Iruma-3

(dspped: 6.19mm, dsgpank: 0.19mm)
Oppe-1

(dsopeq: 2.92mm, dsgpani: 0.24mm)
Oppe-2

(dsppea: 2.25mm, dggpank: 0.51mm)
Oppe-3

(dsoped: 5.92mm, dsgpane: 0.17mm)
Oppe-5

(dsppeq: 6.05mm, dsgpane: 0.13mm)
Kuji-1

(dsgpeq: 6.56mm, dsgpane: 0.35mm)
Kuji-2

(dsgpeq: 3.06mm, dsgpank: 0.29mm)
Watarase-6

(dsppeq: 0.99mm, dsgpank: 0.15mm)
Watarase-7

(dspped: 0-84mm, dsgpani: 0.41mm)
Kano-1

(dsppeq: 0.86mm, dsgpank: 0.17mm)
Kano-2

(dsopea: 1.58mm, dsgpank: 0.25mm)
Cimanuk-4

(dspopeq: 1.089mm, dsgpani: 0.185mm)

® |

Oppe-4

(dsgpeq: 0.26mm, dsgpank: 0.36mm)
Watarase-4

(dspped: 0-19mm, dsppani: 0.14mm)
Naka-1

(dsgpeq: 0.13mm, dsgpank: 0.11mm)
Naka-2

(dspopeq: 0.093mm, dsgpani: 0.17mm)
Old Ara-1

(dsppeq: 0.34mm, dsgpane: 0.32mm)
Old Ara-2

(dsopeq: 0.19mm, dggpani: 0.43mm)
Serayu-1

(dsppeq: 0.094mm, dsgpan,: fine sand)
Serayu-2

(dsgpeq: 0.075mm, dsgpn: fine sand)
Serayu-3

(dsgpeq: 0.384mm ,dsgpank: fine sand)

Serayu-4

(dsgpeq: 0.302mm, dsgpani: fine sand)

Serayu-5
(dsgped: 0.079MmM, dgpank: fine sand)
Serayu-6
(dsgped: 0.217mm, dsgpank: fine sand)
Serayu-7
(dsopeat 0.089mm, dsgpank: fine sand)
Serayu-8
(dsppeg: 0.188mm, dsgp,ni: fine sand)

Ciliwung-4

(dsppeq: 0.152mm, degpon:0.124mm)

-3
Ciliwung-2

(dsgpeq: 0.051mm,dsgpank: 0.178mm)

Cohesive (Silt-Clay)

-2 0

Cimanuk-3

(dsopeq: 0.081mm, dsopani: 0.073mm)

-3

Ciliwung-1

(d5gpeq: 0.017mm, dsgpank: 0.038mm)
Ciliwung-3

(dsppbeq: 0.036mm, dsppank: 0.059mm)
Sangkae-2

(ds5gpeq: 0.006mMm, dsgpank: 0.022mm)
Sangkae-3

(dsgpeq: 0.002mm, dsgpank: 0.017mm)
Sangkae-4

(dsgpeq: 0.002mm, dsgpank: 0.013mm)
Cimanuk-1

(dsgpeq: 0.008mm, dsppank: 0.009mm)
Cimanuk-2

(dsopeq: 0.078mm, dsopan: 0.070mm)
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4.2 Sediment Mobility and Transport Type

The sediment mobility and sediment transport type of bed material could be expressed
by using the Bankfull Shields parameter and particle Reynolds number (Parker, 2004). Bankfull
Shields number (7,5 r50) and particle Reynolds number (Re,s) is derived from (24) and (25).

HyfS (24)
T«pfs0 = Wso

v RgDs0Ds (25)
v

Repso =

where R=1.65 is assumed to be relative submerged grain density.

Figure 4.4 shows the relationship between these parameters in our study rivers. Initiation
of motion is indicated by red line and suspension condition boundary is indicated by blue line.
Green line is proposed by Yamamoto (2004) to show the relationship in Japanese rivers.
Japanese target rivers tend to follow the stability theory by Yamamoto. Yamamoto clarified
that U+2 under mean annual maximum discharge in Segment Il tend to be almost constant
and is around 0.02(m/s)?. Y axis of Figure 4.4 is not U=? but Shields number, therefore X and Y
values on green line is inversely proportional. As shown in Figure 4.4, all Southeast Asian rivers
and some of Japanese rivers, the Naka River, the Watarase River, and the Old Ara River with
smaller bed material are located in suspension condition. Southeast Asian rivers and some
Japanese rivers have suspended material that coming from upstream of volcano basin. But
this study clarified that, both Southeast Asian rivers and Japanese rivers follow Yamamoto’s
theory regardless of river size.

To explain more details about sand and mud (silt-clay) in these rivers, it is necessary to
consider bankfull shear stress (tor = pgHisS) condition as shown in Figure 4.5 (Dunne &
Jerolmack, 2020). Blue line is Shields curve. 1, critical shear stress for sand-clay mixtures as
experimentally measured (Dunne, 2020) and this threshold (pink line range) is important for
South East Asian Rivers which have cohesive bank materials. Dunne (2020) also explained that
gravel-bed rivers which follow the Shields curve are in condition of bed sediment control,
while fine-grained rivers are consistent with cohesive bank control. Another approach from
Yamamoto’s theory (green line) also explained that stability under mean annual maximum
discharge. As is mentioned above, U+? is around 0.02(m/s)? and that means Tuf is around
20N/m. It is also close to measured range for sand and clay in past study (pink line). From
these results, it was clarified that both Japanese and Southeast Asian rivers follow the line of
U+2= \/m = Tpf /p as was introduced by Yamamoto (2004) and Dunne (2020). But the line of
Yamamoto’s theory cannot explain the condition of fine material well. The stability condition
which controlled by bed sediment and cohesive bank will also affect the aspect ratio and its
variation.
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4.3 Aspect Ratio Variation

Aspect Ratio of all target river could be summarized as Figure 4.6 based on distance from
downstream end which could be river mouth or confluences. Figure 4.7 shows the results of
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aspect ratio variation. Most of Japanese rivers have relatively large and diverse variation of
aspect ratios except for the Iruma River, lower reach of the Oppe River and lower reach of the
Kano River. The Serayu River in Indonesia shows wide variation in aspect ratio that might be
caused by sand-bed rivers that usually has wide channel. Other rivers such as Cimanuk,
Ciliwung and Sangkae show smaller values of aspect ratio that might be caused by cohesive
bank. Figure 4.8 shows aspect ratio variation based on bed-bank material condition (Table
4-1) and it can be identified that rivers with non-cohesive bank (red and green square mark)
mostly have aspect ratio more than 25 with large aspect ratio variation. On the other hand,
rivers with cohesive bank (yellow and blue square mark) mostly have aspect ratio lower than
25 with small aspect ratio variation. However, some red marks such as the Kuji, the Kano, the
Iruma and the Cimanuk-U rivers that have coarse sand with occasional gravel on bed and non-
cohesive bank show smaller aspect ratio than green marks.

—e—Serayu
1 ——0ld Ara

—e—Cimanuk

[y

+—Watarase

+— Kuji

—e—Sangkae

——Oppe

——Naka

——Kanogawa =—e—Iruma

—e—Ciliwung

.

ASpect Ratio

Y

‘:‘i":'-

Distance From Downstream (km)

Figure 4.6. Aspect Ratio of Target Rivers
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Their banks are less cohesive than those of Southeast Asian rivers, but they show similar
condition with Southeast Asian rivers regardless of its non-cohesive bank. This result shows
the order of aspect ratio is green and red marks higher than other color marks.

As this result shows, the order of aspect ratio is green and red marks higher than other
color marks. The Ciliwung river also show green mark, but aspect ratio is much lower than any
other rivers and has characteristics as equiwidth meandering (Type 1 see Chapter 2.1)
explained by Soar & Thorne (2001). Figure 4.8 also implied that the Cimanuk River may have
several channel patterns and in the transition between red mark and blue mark. In order to
explained relationship among parameters, classification of target rivers will represent by
green, red, yellow and blue mark plots.

4.4 Sinuosity, Meander Wavelength, Radius of Curvature and Aspect
Ratio Variation

Most of Southeast Asian Rivers have more sinuous reach compared with Japanese rivers
(Figure 4.9 and Figure 4.10). Japanese rivers also tend to have high aspect ratio as well as low
sinuosity. These feature are consistent with the theory that river with low sinuosity has wide
and shallow channel (Schumm, 1963). On the other hand, narrow and deep channel such as
Ciliwung River has high sinuosity. And moderate condition can be found between aspect ratio
values of 12 and 40 (Rosgen, 1994)). Figure 4.9 shows that both Southeast Asian rivers and
Japanese rivers are plotted between aspect ratio of 12 and 25 and have various sinuosity.
Figure 4.10 shows that the relationship between aspect ratio and radius of curvature or
meander wavelength. As this figure shows, these parameters of the Ciliwung River have the
lowest value and it can be considered as the narrow and deep channel characteristics. Other
rivers with aspect ratio value of 12 to 40 show gradually increasing value of radius of curvature
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and meander wavelength which might be related to channel pattern of each river. However,
the trend is not clear when aspect ratio is more than 40.

As these results show, the characteristics can be summarized as follows. If the aspect
ratio is lower than 12, then sinuosity is more than 1.5 as is indicated by Schumm (1963). The
radius of curvature and meander wavelength in this case are small and constant. On the other
hand, if the aspect ratio is more than 25, then sinuosity is less than 1.5. This is also indicated
by Schumm. The radius of curvature and meander wavelength are diverse and no clear trend
is found. If the aspect ratio is between 12 and 25, however, sinuosity is quite diverse. The
radius of curvature and meander wavelength are proportional to the aspect ratio. It is
considered to be due to bar formation and intermediate condition is found when aspect ratio
is between 25 and 40
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Figure 4.9. Sinuosity and Aspect Ratio of Japan and Southeast Asian Rivers, Red Line Threshold Aspect
Ratio 12-40, Sinuosity 1.5 (Rosgen, 1994), Green Line Threshold Aspect Ratio 25 (Church & Rood, 1983)
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4.5 Silt-Clay Percentage, Aspect Ratio and Sinuosity

Figure 4.11 shows comparison between the target rivers and past studies related to the
weighted mean silt-clay percentage (M value in (14), see Chapter 2.4 Figure 2.13). This
comparison showed that the condition of all rivers is diverse and does not always follow the
relationship between sinuosity and M value shown by Schumm (1963). Schumm (1963) did
not investigate the river with M value lower than 1. In this study, most of M values in Japanese
rivers are lower than 10, but high sinuosity still could be identified in Old Ara River and the
Kano River (See Figure 4.11). On the other hand, low sinuosity were found even though M
value is high. Related to this phenomenon, it can be assumed that high M value does not
always represent high sinuosity.

Aspect ratio in comparison with M value in Figure 4.12 shows diverse condition in low,
moderate, and high. As with Figure 4.11, green line and red line show the aspect ratio of 40,
25 and 12 respectively with possible threshold values (see Chapter 2.4).

Possible boundaries of M values such as 2.6, 5.6, 6.5, 8.6, 16.9 (these values predicted
from Schumm'’s theory), and 20 (from Table 2-1) were obtained. In the target rivers, sinuosity
and aspect ratio were not affected by M value which is derived from Schumm's theory as is
mentioned above (only the Cilliwung River has weak correlation). Therefore, M values of 2.6,
5.6, 6.5, 8.6 and 16.9 cannot classify the rivers well. Schumm’s theory was developed only
from sinuous stream in Great Plain US and it might have some limitation to be applied in
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general condition, hence the meaning of other values especially less than 10 is not clear and
it is considered not to affect the cross-sectional shape. However, M value of 20 which is the
boundary between cohesive and non-cohesive (see Chapter 2.4) can classify the cohesive
bank (Southeast Asia river and the Naka River) and non-cohesive bank (other Japanese rivers)

well.

It can be concluded that the impact of M value on aspect ratio and sinuosity cannot be
identified when it is less than 20. Schumm showed the good agreement even if it is less than
10, but it is implied that sinuosity and aspect ratio is affected by other factors in the target
sites. Even if M value is high, Schumm’s line does not show good agreement.
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4.6 Applicability of Regime Theory

As seen in Figure 4.13, predicted value of width and depth using (3) and (4) tend to be
higher than the observed values. Figure 4.14 shows the relationship between dimensionless
water surface width (B/d;) and water depth (h/d;) to dimensionless channel-forming
discharge. The figure also shows the same relationships presented by Santoso (2017), who
focused on Segment Il rivers in similar site in this study. As investigated by Santoso, equation
(6) can predict h/d:, but predicted B/d: from equation (5) tends to be lower than Fukuoka
(2010) and it might be caused by different definition of water surface which was levee to levee
distance in the original study. However, strong correlation between measured B/d: and

0.5
dimensionless discharge (Q/(gldrs) ) is found in Figure 4.14 and it can be used for
predicting channel width even for finer and cohesive material. This proposed estimation of

B/dr can be represented by this equation.
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Figure 4.13. Width and Depth Prediction by Past Study (Julien & Wargadalam, 1995)
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Discharge Equation

Prediction of B/d, and h/d: by using equation (5) and (6) is shown in Figure 4.15. h/d: are
relatively predicted well, but as bed material is getting finer it is underestimated, as seen in
the blue plots (Southeast Asian rivers) which has lower M value compared to Japanese rivers.
By considering equation (6), h can be estimated for coarser material. Results for finer material
maybe underestimated because the past study by Fukuoka (2010) did not targeted low flow
channel but total river width under much larger discharge. In case of gravel bed river, the
same equation can be applied in low flow channel. On the other hand, the equation cannot
be applied in Segment Il rivers which have different bed and bank material or cohesive
material.

Proposed B/d: estimation coefficient (1.37) by this study in equation (26) has value
almost one-third compared to past study coefficient (4.25) by Fukuoka (2010). It is explained
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the difference of water surface definition between this study and original study Fukuoka

(2010). To understand each estimation coefficient that related to each type of grain size
distribution (see Chapter 4.3), it can be explained as follows in Table 4-2

Table 4-2. B/d: and h/d: Estimation Coefficient for Each GSD Type

Type

-1 8

-2 0

-2 O

-3 ]

B/d; Estimation

cB =0.28 to 1.34

c¢B =0.31t0 1.00

cB=0.55t00.71

cB =0.28t00.71

B/ d. = cB(X)%*° Mean cB = 0.72 Mean ¢B = 0.62 Mean cB = 0.63 Mean cB = 0.53
h/d; Estimation ch =0.03to0 0.09 ch=0.04t00.1 ch =0.0598 to 0.0609 ch=0.06t00.11
h/ d. = ch(X)%38 Mean ch = 0.06 Mean ch = 0.06 Mean ch = 0.0604 Mean ch = 0.09

X =Q/(g1d,*)"

4.7 Classification of Channel Pattern by Using Stream Power

Past study (van den Berg, 1995) explained about the relationship between valley slope
and stream power. Japanese rivers have diverse as Figure 4.16 shows, target rivers of this
study have milder slope and high stream power. It implies discharge in the target rivers is
higher than past study (van den Berg, 1995).

Therefore, it is necessary to understand how to distinguish their characteristics,
especially by analyzing the relationship between stream power and channel pattern. This
study is trying to use past empirical channel pattern discriminator which is determined by
potential specific stream power, median grain size (Kleinhans & van den Berg, 2011), and silt-
clay percentage in river bank (Candel et al., 2021). Firstly, target rivers are plotted along with
past study (Kleinhans & van den Berg, 2011) as shown in Figure 4.17. It could be identified
that more than half of target rivers are located between wi, and wem (see Chapter 2.3). Some
rivers are closely located in the boundary of a highly braided condition and moderate braided
and meandering scroll and chutes. It might be caused by steep slope (Segment II-1). Another
possibility is transition between mixed and suspended sediment transport that is necessary
to be considered. Ciliwung and Sangkae with cohesive bed need to investigate with silt-clay
fraction discriminator.
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Figure 4.16. Valley Slope and Stream Power (Modified from van den Berg (1995)).
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Figure 4.18 shows that all Japan rivers with low silt clay fraction are categorized as freely
eroding bank, while mostly Southeast Asian rivers defined as self-constraining which lead to
tortuous channel pattern, and some parts of Ciliwung River are categorized as laterally stable
rivers. Laterally stable and no bar condition can be confirmed in Clliwung River and Sangkae
river, but actual characteristics of tortuous and scroll bars are found. Cimanuk river has
transition characteristics that may have meandering with scroll and laterally immobile at the
same time. It means, even though has scroll bar, meandering reaches of Cimanuk river tend
to have stability especially in lower reaches.

Japanese rivers such as the Naka River, the Oppe River and the Watarase River tend to
be stable if bed material are fine and in suspended condition. Increasing discharge or
increasing river capacity will lead to increasing stream power and channel pattern tend to
have chutes. Interesting part is that past conditions of some rivers such as Oppe, Iruma and
Naka still could be identified as meandering channel (detail in Chapter 4.9). Some parts of this
channel are not changing and remaining as original meandering river shape even though the
sinuosity were changed because of straightening works.

Figure 4.19 shows the combination of channel pattern predicted by past studies. The
graph was modified to represent stream power, median grain size and silt clay percentage
which is represented by wwmand wi. By using this modified graph, rivers that have cohesive
material with high silt-clay percentage in river bank could be represented.
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4.8 Bank Erosion Rate and Silt—Clay Percentage

Past study (Julian & Torres, 2006) used material of both banks (left-right bank) to

calculate silt-clay percentage and Tuc value for their observation material. This study used

single location of bank sample to calculate silt-clay percentage and Tecvalue for bank material.
Excess shear stress and erosion rate was calculated by using equations (20) to(23). Excess
shear stress and erosion rate from target rivers as is shown in Figure 4.20.
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Figure 4.20. Excess Shear Stress and Erosion Rate of Target Rivers

If the fluid shear stress (Two) does not exceed the critical shear stress (Twc) at which the
soil particles are entrained, the soil remains stable (Osman & Thorne, 1988). At shear stress
levels below the critical shear stress, relatively little erosion takes place (Arulanandan et al.,
1980). The negative value of the excess shear stress gives the negative value of the fluvial
erosion rate, which has no physical meaning (Patsinghasanee et al., 2015). Any negative

values of excess shear stress were modeled to be zero since Tu represents a threshold that
must be exceeded in order to have excess shear stress (Julian & Torres, 2006). In this study,
some negative values of excess shear stress values could be detected in Cimanuk and Ciliwung.
Results of erosion rate are diverse and Southeast rivers have lower erosion rate due to
cohesive bank. Erosion starts to increase drastically when it comes to 20% of silt-clay
percentage. Some values are lower in some reaches of the Iruma River, the Oppe River (both
straightened), and the Ciliwung River which might be caused by narrow and deep channel
characteristics.
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4.9 Proposed Classification of Meandering River

Figure 4.21 shows that bed and bank condition could be classified into 4 types and
represented with blue, yellow, green and red colors. Compared with past studies about aspect
ratio and meandering classification, 4 groups also can be identified. Left upper part with
narrow-deep channel with cohesive bed-bank (Type 1 plotted with blue color) and related to
channel pattern it should be laterally immobile and sometimes scroll bar. On the other side,
in many Japanese rivers, aspect ratio is more than 25 and sinuosity is less than 1.5. If both
bank and bed material are fine sand, it is plotted with green color. This type is classified as
Type3 and many green marks are located here. In terms of channel pattern, it should be
braided meandering with chutes or scroll and sometimes highly braided.

Type2 is intermediate condition between Type 1 and 3. This type show the diversity in
sinuosity and it can be divided into two types, 2a with low sinuosity 2b with high sinuosity.
After the results examineded, it was found that the difference between bank and bed is
important. Related to aspect ratio in Typel and Type2b, cohesion of the bed in type2b is less
than typel and aspect ratio increases. Moreover, if bed material is coarser than bank material
it is plotted in yellow color and concentrated in type2b. On the other hand, if riverbed is
coarse sand with occasional gravels, it is plotted with red color

Plotted target rivers based on meander wavelength, radius of curvature and bed-bank
sediment condition can be shown in Figure 4.22. It can be identified the transition of channel
pattern that shows laterally immobile river (the Ciliwung river with blue plots), tortuous and
scroll bar rivers (the Cimanuk river and the Sangkae river with yellow and blue plots),
moderately braided with scroll and chutes rivers (with red, green, and yellow plots), and
highly braided rivers (green and red plots).

68



28
wMNakagawa - a‘
2.6 1| mKujigawa ) x
= Old Arakawa T\f p EE 1 L] 2 ";
24 H » Kanogawa ® “e 5 g
o
9o U 4 Watarasegawa ° \S'qt,y, L | g | /RO -J h -g
+ Oppegawa 2o el YMY- =M
g 2 slrumagawa 63 o §
(=] » Ciliwung o] r E
.21 g || #Cimanuu . N O =
vl
mCimanuk-L » [ \..\
4| =Sangk.
16 ‘S:::a L 2 - A |(Rosgen 1994)
14 L 4
et s iType 3
1.2 L RS
maE n & A ]
1 o, B D2 % 4
1 Aspect Ratio 10 Tvpe za 100
Other AsiFn rivers Japanese ['ivers
[ | I I \
Bank: Cohesive Bank: Fine Sand Bank: Fine sand
Bed: Cohesive Bed: Fine Sand  Bed:Coarse sand and gravel
Figure 4.21. Sinuosity, Aspect Ratio, Bed-Bank Sediment Condition
3500
£ |3000 A
_F |2500 )
< N 4 A
= 2000 . A AN =
° X e A| A4l
% 1500 1— xNakagawa A.X | T e &
= . L [ 4 B
. |1000 + mKujigawa g e i.
] = *
2 | 500 . wOId Arakawa m = .
g 1 c 3 conﬂ'o oum °*° R ¢
2 0 1— ®Kanogawa

» Watarasegawa

1600 —
+ Oppegawa
X

1400 — mlrumagawa

1200 41— e Ciliwung =
£ Cimanuk-U
< |1000 —
w &2 Cimanuk-L .l A
5 1 ] N
§ 800 u Sangkae " X =
3 A
S | 600 - Serayu A A-
5
3 = A| Gm |4

A

= 400 A i
3 KA @ i
o Ny

200 .

° °* o %
. | i

100

Aspect Ratio

Figure 4.22. Meander Wavelength, Radius of Curvature, Aspect Ratio, and Bed-Bank Sediment
Condition - Red Line Threshold (Rosgen, 1994), Green Line Threshold (Church & Rood, 1983)

69




28
xNakagawa e a
2.6 - sKuig 5 &
-} = Old Arakawa T !pEI 1 ° 2 g
1 F o
24 7] «Kanogawa o % [ 9]
<
22 H I——— L Sche, by g vhe 2h 2
) +Oppegawa 4 '"1 = TypCT < -
g 2 mirumagawa \9\63 ° §
=] *Ciliwung o « E
.§1 g 1 #Cimanuk-u o \\ = =3
o °
mCimanuk-L ° \..\
1.6 +{ =Sangkae
° 4 Serayu Q\ - A |(Ros gen 1994)
14 X ‘ 4
12 J LI N « +Type|3
s B 7‘ ke
A A ™
1 / \ L ¢ ‘ 3A‘ A "
1 Aspect Ratn 0 / Typk\z a 100

Other Amﬁ»\cer/ Japanese [be\x\
T

Bank: Fine Sand
Bed: Fine Sand

kujigaWa ' Kanogawa - Oppe and Iruma

Figure 4.23. Straightened Rivers Condition in Type 2a

There are some explanations about aspect ratio in type 2 and type 3, existence of
occasional on coarse sand makes aspect ratio lower. Some rivers with red marks are classified
as 2a due to the straightening, but old maps implied they were sinuous rivers before (Figure
4.23). It means they were type 2b before and these rivers are always red plots that contains
gravel on bed.

For example, Figure 4.24 shows the boundary of city/town and old paths of the Oppe and
the Iruma rivers. As seen in the figure, these rivers had meandering reaches in the past. Figure
4.25 shows the old channel condition and cut-off channel of the Kano River around 9 km to
11 km upstream from the river mouth. Figure 4.26 shows old channel condition and cut-off
channel of the Kuji River. Figure 4.27 shows meandering trace in Cimanuk River.
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Google Earth

Figure 4.27. Meandering Trace in Cimanuk River (45 km from river mouth)

In order to give comprehensive view related to aspect ratio and sinuosity, M value was
also compared (Figure 4.28). As mentioned in Chapter 4.5, several possibilities of M value can
be identified and higher possible value is 20. Type 1 and Type 2b which may have M upper
than 20 and it tends to follow Schumm’s theory about narrow and deep channel with cohesive
material. But Type 2a might have different characteristics. In this study, some of them were
identified as straightened channel (Figure 4.23). But even though it was meandering rivers in
the past (originally Type 2b), these rivers has M value lower than 20 and this characteristic is
different from Schumm’s theory.

On the other hand, some plots of the Naka River and the Sangkae River also can be
identified in Type 2a, these rivers have M value upper than 20. The explanation of this
phenomena still cannot be clarified yet, but it might be affected by larger discharge from river
basins that create larger channel capacity. Therefore, aspect ratio is larger compared to Typel
even though river channel has cohesive characteristics. These phenomena also might be
explained from stream power viewpoint (Figure 4.19) for the Naka River that has high stream
power and existing possibility of bar formation which make aspect ratio become larger.
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Based on this overall comparison condition, this study proposed new classification as
follows to modify previous classification (Soar & Thorne, 2001). Diverse variation on Type 2 is
necessary to explain more detail, therefore in this study it is divided into Type 2a and Type 2b.
Table 4-3 shows that proposed classification and this is improved table of Figure 2.5. This
proposed classification also give additional parameter or characteristics that expected to be
helpful for understanding meandering rivers characteristics.
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Table 4-3. Proposed Classification of Meandering Rivers (Modified (Soar & Thorne, 2001))

Characteristics Type 1 Type 2a Type 2b Type 3
Equiwidth Meandering Meandering Meandering with
Meandering with Point Bars with Point Bars Point Bars and
Chute Channel
Bar Existence No Bar Unclear Bar Stable Clear Bar Unstable Clear Bar
and Planform
\\\\ { /) y
\\:;_x_._____ S N -
< ;? k C\ /
,:\\x\: ( ( j /
N\ N\
M) S

Bed and Bank
Material

Sinuosity
(Planar Shape)
Aspect Ratio

Aspect Ratio
Variability

Estimation of
B/d,

B/ d. = cB(X)%40

Estimation of
h/d,

h/ d. = ch(X)%38

X =0/(g1d,%)"”

Relationship
Stream Power,
Sediment Size,

and Silt-Clay

Percentage

Target Rivers

Bank: Cohesive
Bed: Cohesive
(High clay
percentage)

High (> 1.5)

Low
(<12)

Stable

¢B =0.28t0 0.71

ch=0.08t00.11

Laterally
immobile, no bar

Ciliwung, Sangkae

Bank: Cohesive
Bed: Cohesive
(Low clay
percentage)

Low (< 1.5)

Low-Moderate
(12 to 25)

Intermediate

¢B =0.51t00.70

ch =0.0602 to
0.0741

Below wsc
Meandering with
scroll

Cimanuk-L
(Downstream of
lower reach)
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Bank: Cohesive

Bed: Fine sand

(Non-cohesive)

or

Bank: Fine sand

Bed:Coarse sand
and gravel
High (> 1.5)

Low-Moderate
(12 to 25)

Intermediate

c¢B =0.28 to 1.34

ch =0.03 to 0.09

Below wsc
Meandering with
scroll
But also indicate
below
wit (laterally
immobile, no bar)
Cimanuk-U
(Upstream of
lower reach),
Iruma, Oppe,
Watarase (6-7)

Bank: Fine sand
Bed: Fine sand

Low (< 1.5)

Moderate-High or
High (> 40)

Diverse

¢B =0.31to 1.00

ch =0.04 to 0.09

Highly Braided

Old Ara, Kano River,
Serayu,
Watarase(4), Kuji,
Naka



4.10 Summary of Results and Discussion

Based on bed and bank material grain size distribution, four patterns (red, green, yellow
and blue) are classified to explain to relationships among parameters. Grain size distribution
of sand is same in any rivers because it is composed of suspended sand. Silt-clay percentages
is clearly different between Japan and Southeast Asian rivers. U*? under bankfull discharge is
around 0.02(m/s)? and that means Tt is around 20N/m, and both values are almost constant.
It follows the Yamamoto’s line even if the material is fine. Aspect ratio is different among 4
marks color patterns and it can have the order from larger to smaller respectively: green, red,
yellow, and blue. Low aspect ratio have constant and small wavelength and radius of
curvature. These rivers are not affected by bar formation but intermediate aspect ratio (12-
40) river’s wavelength and radius of curvature maybe affected by bar formation. High aspect
ratio rivers show the diverse value.

Impact of M value on cross-sectional shape is not clear in this study. But M value of 20
may classify cohesive and non-cohesive river. Higher stream power make some bedform
except some Southeast Asian rivers that show low aspect ratio with small and constant
wavelength and radius of curvature. Based on these findings, new classification is proposed
based on bed-bank material condition, sinuosity and aspect ratio. Four classification the can
be introduced as Typel, Type2a, Type2b and Type3. The numerical simulation is necessary to
investigate the possible mechanism in intermediate condition of Type2a and Type2b.
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Chapter 5
Discussion on Forming Process of
Aspect Ratios

5.1 Numerical Simulation of Cimanuk River (ICHARM Bank Erosion
Model)

ICHARM Bank Erosion Model was developed based on iRIC Nays2DH Solver. Nays2DH is
a computational model for simulating horizontal two-dimensional (2D) flow, sediment
transport, morphological changes of bed and banks in rivers (Shimizu & Takebayashi, 2011).

Basic flow of continuity equation in the numerical simulation is using governing equations
as follows

dh N duh N dvh 0 (27)
at  ox = dy
where, his the flow depth, uand v are the x and y components of depth-averaged velocity.

Momentum Conservation of x and y components is as follows.

ouh N duuh N duvh — d(h + z,) I N 1 (0hty, N Ohty, (28)
at 0x dy d0x p p\ Ox dy
dvh N dvuh N dvvh - _ah d(h + zp) Ty N l Ohty, N ohty, (29)
at dx dy dy p p\ O0x dy

where z;, is the river bed elevation, t is the time, g is the acceleration due to gravity,
and p is the mass density of water. Ty, Tyy, Txy and Tyx are the depth averaged Reynolds stresses.
Tx and 7y are the x and y components of the bed shear stress. Bed shear stress can be express
as follows.
2
L % (u? + v?) 0
h3
where 1y is the bed shear stress and n is the Manning’s roughness coefficient. For bed
load conditions, non-dimensional bed load transport rate is proposed by Egashira et al.,
(1991). This equation is based on the constitutive relation of the solid particle—water mixture.
The equation is expressed as follows.
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(1)

where g, is dimensionless bedload transport rate, 7+ is non dimensional bed shear stress
(Shields parameter) K1, K>, faand frare specified theoretically as follows (Okada et al., 2016).

K = 1 1 (32)
1™ cosOtan@ — tan 6

K—1 1 s

=a R @)

(34)

2

5 _2
=ks(1—c)3c.3

where, 6 is local bed slope, @ is internal friction angle, hs is total depth, hs is thickness
of sediment layer, cs is the average sediment concentration of the bedload layer, o is the
density of sediment, p is the density of water, e=0.85, k4 =0.0828 and k7 =0.16.
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Figure 5.1 Schematic diagram of flow velocity at bed load layer and erosion velocity ((Egashira et al.,
1997) (Ahmad, 2020))

In the case of suspended load, the particle entrainment from the bed layer occurs
when the particle’s upward velocity is greater than its fall velocity. The depth-integrated mass
conservation equation of suspended sediment is defined as follows.
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Where T, i and U are the average values for sediment concentration, x-component of
velocity, and y-component of velocity. ex and €, are the x and y-component of dispersion
coefficient (similar to turbulent diffusion coefficient), h is the flow depth, E is the erosion rate
of sediment, D is the deposition rate and r1 and r2 is the correction factor. Harada et al., (2019)
proposed entrainment velocity equation for the computation of erosion term as follows

%zi;Ri*z%”@-Kz1.5x10—3;ce=%c5;vzx/u2+v2 (37)
0

Where K = 1.5 x 103, wo is the fall velocity, we is the entrainment velocity, cs is the
sediment concentration at the surface layer, c. is the equivalent sediment concentration, h
is the flow depth, and p is the mass density of water.

The differences from the original iRIC Nays2DH Solver and ICHARM Bank erosion model
are bank line definition, flood plain inside computational domain, bank shifting stretchable
grid and bank shifting based on erosion rate.

GB GB : Grid Boundary GB

flood plain flood plain

variation

bank | bank
bed

Figure 5.3 ICHARM Bank Erosion Model Computational Domain
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Computational domain of ICHARM Bank Erosion Model is divided into bed, bank and
flood plain (Figure 5.3). Results from calculation process on bed deformation will also lead
the changing grid near bank and bank grid will be adjusted in stretchable grid process (Figure
5.4). The shape of the bank before and after the collapse of the bank maintains a slope that
is equal to the angle of repose of the sediment particles (¢). Biswas et al., (2016) was
developed this model for suspended material in Brahmaputra River where the riverbed and
bank are composed of fine sand and silt). Bank slope was assumed to be constant during the
calculation process because of uniform fine material condition in riverbed and bank.

However, there are still some limitations when the river bed-bank material condition is
not uniform and contain cohesive material. In such condition, bank slope might be changed
during the bank erosion process. In this model, bank slope in the model was assumed to be
constant from the initial cross-sectional shape (from initial topography). In that case, it is
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necessary to prevent steep bank slope condition by preparing computational domain with
sufficient number of grids. In real condition, riverbank might be narrow and bank grid in the
model has to represent this condition. In order to solve this situation, trapezoidal channel was
created by setting up grid domain with sufficient grid number. In the bank grid, steep bank
slope treatment (Figure 5.5) was added to prevent steep slope which may lead to vertical
bank grid and calculation failure. Checking calculation result periodically is also necessary to
prevent steep slope condition.

In the numerical simulation for the Cimanuk River, bank grid was prepared as 7 m x 8.8
m (downstream of lower reach) and 7.5 m x 6 m (upstream of lower reach). These values were
assumed to represent actual length of bank area in the Cimanuk River which is around 10
meter in cross-sectional direction.

In the case of uniform sediment particle size, the temporal change in river bed variation
can be evaluated by applying continuity of mass condition of bed sediment as follows

(38)

aZb_|_ 1 0qpx aqby
at A—1\ ox ady

+ES—D5>=0

Zp is the river bed elevation, gux and qwy are the components of bedload transport rate in
the x and y directions. Es is the erosion rate and D is the sediment deposition rate. Related to
bank erosion process, temporal change of riverbed variation is evaluated by equation (38).

0zyp . ers . . 0B
If % is less than zero 0, bank shifting is computed related to erosion rate as 5 where B

is the channel width.

In a suspended sediment-dominated river, the riverbed evolution and bank shifting are
controlled by the erosion and deposition of the suspended sediment (Biswas et al., 2016).
They also explained that the proposed model (Biswas et al., 2016) can be extended to
evaluate the bank shifting process in case of curved channel.
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Numerical simulation was conducted to understand bank erosion trend, bed-bank
material interaction and how the channel centerline changes. Bank erosion rate will change
based on SC percentage and this simulation also tried several cases of different SC percentage
to evaluate bank erosion trend. In this simulation, the results will consist bank shifting value
and centerline movement which will be validated with observation data.

The value of erosion rate was determined based on the cross-sectional data in the
Cimanuk River (CS-52) which is located in 73 km from downstream. This location was selected
because it is located in the middle of target area and could represent general condition of
Cimanuk River. By assuming several values of SC% of river bank, excess shear stress and
erosion rate was calculated by using (20) to(23). The result could be shown in Figure 5.6. The
detail boundary condition of numerical simulation explained in table Table 5-1.

8.E-06 : 30
Erosion Rate

— Critical Shear Stress

Excess Shear Stress
7.E-06

Teo = bankfull shear stress = 24.05

4.E-06 15

3.E-06

Erosion rate (m/s)

SC% = 91.46
€ =4.62E-08 m/s

(zw/N) 558135 JBBYS

2.E-06

5C% = 45.29
&€ =3.59E-07 m/s

1.E-06

0.E+00 - 0

Silt-Clay Ratio Bank (%)

Figure 5.6 Erosion Rate Values for Numerical Simulation

Table 5-1. Boundary Condition of Cimanuk River Bank Erosion Simulation

Case Type 2a Downstream of | Case Type 2b Upstream of Lower
Lower Reach Reach

Case-2a-1 Case-2b-3
Condition |(actual) [Case-2a-2 [Case-2a-3 [Case-2b-1 |[Case-2b-2 |[(actual)

Distance
from
Downstream
(km) 55 km 55 km 55 km 75 km 75 km 75 km

Mesh Size 7x88m [7x88m |7x88m [7.5x6m [7.5x6m [7.5x6m
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Case Type 2a Downstream of Case Type 2b Upstream of Lower
Lower Reach Reach

Case-2a-1 Case-2b-3
Condition  |(actual) [Case-2a-2 [Case-2a-3 [Case-2b-1 |[Case-2b-2 |[(actual)

Discharge

(m3/s) 600 600 600 600 600 600
Bed Material

(mm) 0.05 0.25 0.05 0.25 0.05 0.25

SCBank% [91.5% 91.5% 45.3% 91.5% 91.5% 45.3%

Erosion rate

(m/s) 4.62E-08 |4.62E-08 [3.59E-07 |4.62E-08 |4.62E-08 ([3.59E-07
n manning
coefficient [0.03 0.03 0.03 0.03 0.03 0.03

STANDAR DATA TMA MAKSIMUM SIAGA BANJIR
WILAYAH KERJA BALAI BESAR WILAYAH SUNGAI CIMANUK - CISANGGARUNG

LOKASI SIAGA LOKASI SIAGA
( mtr DPL) (mtr DPL)
1. S. CIPELES 7. 5. KUMPUL KUISTA
1. DU. Warung Peti 4425 4450 45.00 1. DU. Kaliwedi 385 410 460
2. 5. CILUTUNG 2. BK. Kumpul Kuista 175 200 250
1.BD. Kamun 37.50 3850 39.50
3. S. CIMANUK 8. 5. WINONG
1. BD. Copong - 3125 4.100 1. BD. Gandasari .96 520 70
2. DU. Monjot 27.50 2850 2950 2. BK. Winong 200 210 220
3. BD. Rentang TMA 2230 2255 23.00 9. 5. SIGRANALA
4. BD. Rentang Debit m® 600.00 500.00 1,200.00 1. BD. Pegagan 180 150 2.00
5. BD. Bangkir 5.70 595 645 2. BK. Sigranala 150 200 250
6. BK. Waledan 150 2.00 250 10. S. JAMBLANG
7. BK. Brondong 150 170 2.00 1. BK. Jamblang 280 310 350
4. S. CIPANAS 11. S. CISANGGARUNG
1. BD. Sumur Watu 19.25 1350 19.75 1. BD. Cikeusik 300 350 4.00
2. BD. HBM Cipanas 448 468 5.18 2. DU. Ciledug 830 860 9.10
3. BK Cipanas 1% 2.00 210 3. BK. Tawang Sari 270 3.00 320
5. S. PANGKALAN 12. S. CUURAI
1. DU Pangauban 275 3.00 3150 1 BD. Seseupan 270 350 4.00
2. BK. Pangkalan 150 170 2.00 13. S. BABAKAN
6. S. OWARINGIN 1. BD. Cisadap 450 460 4.80
1. DU. Gegesik 5.55 5.90 6.30 14. S. KABUYUTAN
2_BD. Sigondang 3.00 350 4.00 1 BD. Nambo 380 410 430
3. BK. Ciwaringin 200 250 3.00 15. S. CUANGKELOK
1. BD. Gibendung 6.00 6.50 7.10

Figure 5.7. Flood Alert Level Cimanuk River at Rentang Weir (Ministry of Public Works and Housing,
2021)

Discharge of 600 m3/s has been selected to represent the bankfull and annual flood
discharge based on the reasons as follows. Firstly, alert level in Rentang Weir had been
decided as 3 level of discharge 600 m3/s, 900 m3/s and 1.200 m3/s. 600 m3/s can be assumed
to be near to the bankfull discharge in some locations (see cross-sectional and discharge
sample at Figure 3.27). If the discharge is 1200 m3/s, overflows occurs in some places.
Therefore assuming 600 m3/s is suitable to represent bankfull discharge.
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Figure 5.8. Daily Average Discharge at Rentang Weir (2003-2014)
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Figure 5.9. Flow Duration Curve at Rentang Weir (2003-2014)

Next explanation related to the annual flood discharge is as follows by observing
yearly discharge at Rentang Weir. From Figure 5.8, it is necessary to analyze discharge that
represents annual flood discharge and has capability to change bed morphology. Kallio (2010)
explained that lower threshold might be established at water level that correspond to about
25% of the 2-year discharge. In this study, 25% threshold will be used based on 1°t level alert
discharge (600 m3/s). Then the discharge becomes 150 m3/s. Flow duration curve can be
shown in Figure 5.9.

Figure 5.9 shows flow duration curves from 2003 to 2014. 38 days of constant 600
m3/s discharge were selected based on the analyzed results of flow duration curve compared
with total discharge and number of days summarized in Table 5-2. In this analysis, total water
volume that flows when the discharge is more than 150 m3/s is calculated as (2) in Table 5-2.
The total volume is divided by total days when discharge is more than 150 m3/s. Finally, the
unit is adjusted to be m3/s ((1) in Table 5-2).
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Table 5-2. Discharge Analysis for Cimanuk River Simulation

Total Days Exceeded
150 m3/s

Total Annual
Discharge  that
exceed 150 m3/s

Number of Days for 600 m3/s

(days) E)[i)sa(ilt:/arge (“:157;; (days)
x (1) days (column (2) / 600 m3/s)

Year (1) (2) (3)

2003 37 13,815.65 23.03
2004 60 22,076.47 36.79
2005 45 17,819.84 29.70
2006 48 17,803.13 29.67
2007 37 14,926.90 24.88
2008 44 15,621.28 26.04
2009 25 10,783.85 17.97
2010 152 58,753.97 97.92
2011 56 20,534.61 34.22
2012 55 20,217.39 33.70
2013 96 38,388.49 63.98
2014 67 25,512.38 42.52
Average 60.16 23,021.16 38.37
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5.2 Results of Numerical Simulation

a) Case Cimanuk L Type 2a-1 SC Bank 91.5% Bed Material 0.05mm

Numerical simulation result for Case 2a-1 with SC Bank 91.5% and bed material 0.05mm
is shown in Figure 5.10. Values of bank shifting are various in this reach with maximum value
around 0.0712 m (Figure 5.10 (b)), while bank shifting in target cross-section is 0.018 m. Less
changing of bed morphological trend (Figure 5.10 (c)) also can be detected and channel

stability can be assumed with this condition.
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Figure 5.10. Numerical Simulation Result for Case 2a-1 SC Bank 91.46% Bed Material 0.05mm (a) Depth

and Velocity Magnitude (b) Bank Shifting Distribution (c) Cross-Sectional Shape
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b) Case Cimanuk L Type 2a-2 SC Bank 91.5% Bed Material 0.25mm

Numerical simulation result for Case 2a-2 with SC Bank 91.5% and bed material 0.25mm
is shown in Figure 5.11. Values of bank shifting are various in this reach with maximum value
around 0.0594 cm (Figure 5.11 (b)), while bank shifting in target cross-section is 0.018 m.
Much less changing of bed morphological trend due to coarser bed material (Figure 5.11 (c))

also can be detected and channel stability can be assumed with this condition.
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Figure 5.11. Numerical Simulation Result for Case 2a-2 SC Bank 91.46% Bed Material 0.25mm (a) Depth

and Velocity Magnitude (b) Bank Shifting Distribution (c) Cross-Sectional Shape

86



c) Case Cimanuk L Type 2a-3 SC Bank 45.3% Bed Material 0.05mm

Numerical simulation result for Case 2a-3 with SC Bank 45.3% and bed material 0.05mm
show in Figure 5.12. Values of bank shifting are various in this reach with maximum value
around 0.790 m (Figure 5.12 (b)), while bank shifting in target cross-section is 0.219 m. Less
changing of bed morphological trend (Figure 5.12 (c)) also can be detected and channel
stability can be assumed with this condition.
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Figure 5.12. Numerical Simulation Result for Case 2a-3 SC Bank 45.29% Bed Material 0.25mm (a) Depth
and Velocity Magnitude (b) Bank Shifting Distribution (c) Cross-Sectional Shape
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d) Case Cimanuk U Type 2b-1 SC Bank 91.5% Bed Material 0.25mm

Numerical simulation result for Case 2b-1 with SC Bank 91.5% and bed material 0.25mm
is shown in Figure 5.13. Channel shape change is more active compared to Case-2a
(downstream of lower reach). Values of bank shifting are various in this reach with maximum
value around 0.652 m (Figure 5.13 (b)), while bank shifting in target cross-section is 0.014 m.
Active change of bed morphology trend (Figure 5.13(c)) also can be detected and channel
instability can be assumed with this condition.
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Figure 5.13. Numerical Simulation Result for Case 2b-1 SC Bank 91.46% Bed Material 0.25mm (a) Depth
and Velocity Magnitude (b) Bank Shifting Distribution (c) Cross-Sectional Shape
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e) Case Cimanuk U Type 2b-2 SC Bank 91.46% Bed Material 0.05mm

Numerical simulation result for Case 2b-2 with SC Bank 91.46% and bed material 0.05mm
is shown in Figure 5.14. In this case also, channel shape change is more active compared to
Case-2a (downstream of lower reach). Values of bank shifting are various in this reach with
maximum value around 0.672 m (Figure 5.14 (b)), while bank shifting in target cross-section
is 0.042 m. Active change of bed morphology (Figure 5.14 (c)) also can be detected and more
active than case 2b-1 due to finer material.
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Figure 5.14. Numerical Simulation Result for Case 2b-2 SC Bank 91.46% Bed Material 0.05mm (a) Depth
and Velocity Magnitude (b) Bank Shifting Distribution (c) Cross-Sectional Shape
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f) Case Cimanuk U Type 2b-3 SC Bank 45.29% Bed Material 0.25mm

Numerical simulation result for Case 2b-3 with SC Bank 45.29% and bed material 0.25mm
is show in Figure 5.15. Values of bank shifting are various in this reach with maximum value
around 0.652 m (Figure 5.15 (b)), while bank shifting in target cross-section is 0.320 m.
Instability condition in this case is the most active (Figure 5.15(c)) compared to all cases.
Double channel was found and it might be caused by active bed deformation process and
bank erosion process. Bar was formed, but due to active bed deformation stable clear bar
difficult to be found.
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Figure 5.15. Numerical Simulation Result for Case 2b-3 SC Bank 45.29% Bed Material 0.25mm (a) Depth
and Velocity Magnitude (b) Bank Shifting Distribution (c) Cross-Sectional Shape
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5.3 Bank Shifting, Centerline Movement and Aspect Ratio

Numerical simulation results related to bank shifting and centerline movement could be
summarized in Table 5-3. From this summary, it can be explained that Case-2b centerline
movement is active compared to Case-2a, but bed deformation process shows overestimated
result. Case 2a-1 shows reliable bed deformation process that have similar trend with
observation data, even though bank shifting and centerline movement values are lower than
observation value. However, Case 2b-3 shows remarkably underestimated result. This is the
most active cross-sectional change and double channel was found. The reason is considered
that centerline movement is not affected by bankfull discharge but maximum discharge
especially in such steep channel.

Table 5-3. Bank Shifting and Centerline Movement Summary

Observation Simulation
Centerline Centerline
movement Bank shift movement
Bed (m/year) (m/year) Bank shift (m/year) (m/year)
SC% Material
Bank | (mm) Left Right Left Right
Case Type 2a
Case 2a-1
(actual) 91.46 | 0.05 & 05 N/A| €05 | > 5.52E-06 | €0.018 €0.018
Case-2a-2 91.46 | 0.25 - 2.8E-05 | €< 0.018 < 0.018
Case-2a-3 45.29 | 0.05 - 7.01E-05 | €0.219 < 0.219
Case Type 2b
Case 2b-1 91.46 |0.25 € 0.005| € 0.009 < 0.014
Case-2b-2 91.46 | 0.05 € 0.037] € 0.005 & 0.042
Case-2b-3
(actual) 45.29 |0.25 & 6.47[¢ 488 [€6.24 € 0.230] € 0.090 € 0.320

a) Type 2a Downstream of Lower Reach Segment [1-2

Cross-sectional parameters and aspect ratio from simulation for each type also could be
summarized in Table 5-4. From those results, several things can be explained. If Case 2a-1 and
Case 2a-2 is compared, it can be identified that Case 2a-2 is deeper and slightly wider. In Case
2a-1 bed material and bank material is similar, hence the suspended 0.05mm (cohesive
material) from the bed can form the bank. In this condition, width tend to be narrower. On
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the other hand, bed material in Case 2a-2 cannot form the cohesive bank, and width tends to
be wider. In the simulation, depth of Case2a-2 became deeper maybe because of the setting
of boundary condition. As a result, aspect ratio in Case 2a-2 became smaller than Case 2a-1
but it is not significant difference.

Comparison between Case 2a-1 and Case 2a-3 shows that Case 2a-3 is shallower and
slightly wider. In 2a-3 bank is eroded and width becomes wider due to low silt-clay percentage
in the bank. Important point is that the sediment supply from the bank makes the channel
shallower. Therefore, low silt-clay percentages in the bank may increase aspect ratio. If Typel
river and Type 2a river are compared, cohesive bed and bank (blue color plot) can be found
in both types. However, as it was explained in previous chapter, silt-clay percentages in the
Cimanuk River (Type2a) is smaller than the Ciliwung River (Typel). This condition implies that
Typel channel becomes Type2a when silt-clay percentages decreases. But the difference of
sediment size distribution between the Cilliwung River (Typel) and Sangkae River (Type2a) or
the Naka River (Type2a) is not clear. The reason should be examined in future including the
check of measurement accuracy.

Table 5-4. Cross-Sectional Parameters and Aspect Ratio Summary for Case Type 2a

T=0 T=1 | T=1| T=12 |T=23| T=38

Case 2a-1 Obs 2007 [Obs 2014| hour hours day days days days
x-section area (m.sq.) | 396.22 | 396.22 | 355.68 | 367.83 |361.81| 353.39 |353.24| 353.24
width (m) 76.75 76.75 73.73 73.01 |[72.93 | 72.65 |72.65| 72.65

mean depth (m) 5.16 5.16 4.82 5.04 4.96 4.86 4.86 4.86
T=0 T=1 | T=1| T=12 |T=23| T=38

Case 2a-2 Obs 2007 [Obs 2014| hour hours day days days days
x-section area (m.sq.) | 396.22 | 396.22 | 355.68 | 364.16 |367.27| 362.56 |361.73| 361.12
width (m) 76.75 76.75 73.73 73.47 |[73.23| 73.00 |72.98 | 72.97

mean depth (m) 5.16 5.16 4.82 4.96 5.02 4.97 4,96 4,95
T=0 T=1 | T=1| T=12 |T=23| T=38

Case 2a-3 Obs 2007 [Obs 2014| hour hours day days days days
x-section area (m.sq.) | 396.22 | 396.22 | 355.68 | 367.83 |361.68| 351.24 |350.73| 348.90
width (m) 76.75 76.75 73.73 73.01 (7294 | 72.67 |72.67 | 72.66
mean depth (m) 5.16 5.16 4.82 5.04 4.96 4.83 4.83 4.80
T=0 T=1 T=1] T=12 |T=23]| T=38

Aspect Ratio Obs 2007 [Obs 2014| hour hours day days days days
Case 2a-1 14.87 15.13 15.28 14.49 | 14.70 | 14.94 | 14.94 | 14.94
Case 2a-2 14.87 15.13 15.28 14.82 | 14.60 | 14.70 | 14.73 | 14.74
Case 2a-3 14.87 15.13 15.28 14.49 | 14.71| 15.03 | 15.05| 15.13
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Table 5-5. Summary for Case Type 2a

Case Type 2a Downstream of Lower
Reach
(Seg2-2)

Case-2a-1
Condition (actual) Case-2a-2 [Case-2a-3
Bed Material (mm) 0.05 0.25 0.05
SC Bank % 91.5% 91.5% 45.3%
Initial Width (m) 73.73 73.73 73.73
Final Width (m) 72.65 72.97 72.66
Initial Mean Depth (m) [4.82 4.82 4.82
Final Mean Depth (m) [4.86 4.95 4.80
Initial Aspect Ratio 15.28 15.28 15.28
Final Aspect Ratio 14.94 14.74 15.13

Bank Material
(Sand with less cohesion)

Bed Material
(Sand deposition)

Bank Material l

(Sand with less cohesion) Bankiul

(Sand with cohesion)

Bed Material
(Sand deposition)

(Silt suspension)

Figure 5.16. Forming Mechanism Type 2a Downstream of Lower Reach Segment 11-2

As shown in Figure 5.16, if the bank cohesion becomes less (Case 2a-1 compared to
Case2a-3), then aspect ratio become larger. It means that width becomes wider because it is
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easily eroded and depth become shallower which formed by eroded material from the bank.
Related to the proposed classification, Typel may become Type 2a if bank is less cohesive.

b) Type 2b Upstream of Lower Reach Segment I1-1

Cross-sectional parameters and aspect ratio from simulation for each type also could be
summarized in Table 5-6 and Table 5-7. From those results, several things can be explained.
If case2a and 2b is compared, aspect ratio in case 2b tends to be smaller than 2a because the
channel in case 2b is narrower while depth is diverse. It is considered that aspect ratio in
upper reach tends to be smaller than in lower reach, but the reason is considered to be scroll
bar formation. As shown in Figure 5.13 to Figure 5.15, bar is formed in Case 2b due to high
stream power and both width and depth are unstable temporally compared with 2a (see
Table 5-6). Potential specific stream power of each numerical cases is plotted in Figure 5.17.
As this figure shows case 2b has higher stream power compared to case 2a. Forming process
of Type2b is also related to the imbalance of bed and bank material. The simulation could not
represent aspect ratio well, but bank shifting and bed deformation of Type 2b were
represented by simulation well.

Compared with Type3, braided and meandering scroll and chutes are formed in narrower
channel of Case 2b and it may make case 2b more sinuous as is shown in Figure 4.28.
Simulation result in type 2b-3 (actual condition) is not same with the observation result and
stable clear bar is not found. This phenomenon which related to bar formation should be
investigated in future.
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Table 5-6. Cross-Sectional Parameters and Aspect Ratio Summary for Case Type 2b

T=0 T=1 | T=1| T=12 |T=23| T=38
Case 2b-1 Obs 2007 [Obs 2014| hour hours day days days days
x-section area (m.sq.) | 532.54 | 532.54 | 431.57 | 402.91 |384.80| 317.99 |328.93| 333.43
width (m) 103.09 | 103.09 70.23 71.57 [ 7232 68.69 |68.27 | 68.32
mean depth (m) 5.17 5.17 6.15 5.63 5.32 4.63 4.82 4.88
T=0 T=1 | T=1| T=12 |T=23| T=38
Case 2b-2 Obs 2007 [Obs 2014| hour hours day days days days
x-section area (m.sq.) | 532.54 | 532.54 | 431.57 | 409.35 |333.02| 370.33 |369.95| 315.73
width (m) 103.09 | 103.09 70.23 70.06 [ 69.67 | 68.04 |69.64 | 67.33
mean depth (m) 5.17 5.17 6.15 5.84 4.78 5.44 5.31 4.69
T=0 T=1 T=1] T=12 |T=23]| T=38
Case 2b-2 Obs 2007 [Obs 2014| hour hours day days days days
x-section area (m.sq.) | 532.54 | 532.54 | 431.57 | 404.24 |378.92( 308.09 (333.84| 345.78
width (m) 103.09 | 103.09 70.23 70.23 | 72.41 | 65.06 | 63.86 | 60.17
mean depth (m) 5.17 5.17 6.15 5.76 5.23 4.74 5.23 5.75
T=0 T=1 T=1] T=12 |T=23]| T=38
Aspect Ratio Obs 2007 [Obs 2014| hour hours day days days days
Case 2b-1 19.96 14.50 11.43 12.71 | 13.59 | 14.84 | 14.17 | 14.00
Case 2b-2 19.96 14.50 11.43 11.99 | 14.58 | 12.50 | 13.11| 14.36
Case 2b-3 19.96 14.50 11.43 12.20 | 13.84 | 13.74 | 12.22 | 1047

Table 5-7. Summary for Case Type 2b

Case Type 2b Upstream of Lower Reach
(Seg2-1)
Condition Case-2b-1 |Case-2b-2 |Case-2b-3 (actual)
Bed Material (mm) 0.25 0.05 0.25
SC Bank % 91.5% 91.5% 45.3%
Initial Width (m) 70.23 70.23 70.23
Final Width (m) 68.32 67.33 60.17
Initial Mean Depth (m) [6.15 6.15 6.15
Final Mean Depth (m) 14.88 4.69 5.75
Initial Aspect Ratio 11.43 11.43 11.43
Final Aspect Ratio 14.00 14.36 10.47
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As shown in Figure 5.18, Type 3 may become Type 2b by increasing depth when coarser
material is contained in the river bed. It might be caused by coarser material at bank-toe
stabilized the riverbank and suspended sand forms bank (Santoso, 2017). In the numerical
simulation, cross-sectional shape in Case2b-3 which is close to actual condition was quite
unstable due to bar formation. Actually, analysis on stream power implies scroll bar is formed
in the channel. If the bank is more cohesive (Case 2b-1 compared to Case 2b-3), width is more
stable, and depth become shallower. As a result, aspect ratio become larger. Similar condition
also appears when bed material is finer (Case 2b-2 compared to Case 2b-3). It is similar with
previous comparison, but this case can explain that finer material also easily deposited and
depthis slightly shallower than Case 2b-1. Both cases were affected by deposition in the inner
bank, as well as channel deepening in the outer bank. Channel deepening in both cases does
not have significant effect on aspect ratio, because depth for aspect ratio calculation is mean
depth (see Chapter 3.4.a). Related to proposed classification, Type 3 may become Type 2b in
steeper case.

Similar like segment II-1 condition, Type 2b shows that upstream part of Cimanuk River
shows active bed deformation and bank erosion process. It is also shown in observation data
of the Cimanuk River as shown in Figure 5.19. CS-53 which simulated in this study located in
75 km from downstream. The active zone could be detected around 73 km to 81 km form

downstream.
Erosion-Deposition (yearl
m/year p (vearly)
10
8 IBE : Inner Bank Erosion
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Figure 5.19. Active Erosion and Deposition of Cimanuk River
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Chapter 6
Summary, Limitation, and
Conclusions

6.1 Summary

This study was conducted to explain about the interaction among sediment sizes, aspect
ratio and planform dynamics. At the beginning part, sediment size variation was investigated
and various conditions of bed-bank material were summarized into four types (blue, yellow,
green and red marks). Based on this classification, aspect ratio variation is also related to this
bed-bank condition type along with sinuosity variation. Aspect values 25 and 40 as well as
sinuosity value 1.5 are important values to classify target rivers into four types of meandering
channels. This classification is created by modifying the previous classification that has diverse
characteristics in Type 2 which has low-moderate aspect ratio. This type 2 was divided into 2a
that has lower sinuosity than 1.5 and 2b that has higher sinuosity than 1.5. Other meander
parameters such as meander wavelength and radius of curvature also have individual
characteristics in each type similar with aspect ratio and sinuosity comparison results.
Weighted mean of silt-clay percentage (M value) of 20 was also important parameter to
consider the bank stability, but M value in Type 2 was diverse.

Other parameters such as width, depth, slope and discharge are important to investigate
stability condition of channel shape. Some past studies explained that empirical relationship
among dimensionless width, depth, discharge and representative diameter are useful to
predict channel width and depth even for fine material and cohesive bed. Related to channel
pattern prediction, the existence of fine material, especially silt-clay are essential to improve
channel pattern prediction by stream power.

Several parameters then were compared to propose new classification of meandering
rivers. This proposed classification with some additional parameters expected to be helpful
for understanding meandering rivers characteristics. This study also introduced numerical
simulation to explain bank erosion trend, bed-bank material interaction and how it changes
channel centerline movement. Then the difference between Type2a and 2b was examined.

Numerical simulation shows that type 2b has active bed deformation and bank erosion
process compared to type 2a. Type 2a tend to be stable and less active. If the bank cohesion
becomes less, then aspect ratio becomes larger. It means that width becomes wider because
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it is easily eroded and depth become shallower due to the eroded material from the bank.
Related to the proposed classification, Typel may become Type 2a if bank is less cohesive. If
the bed material changes into coarser sand, then width becomes wider because coarser sand
cannot form the bank. In the simulation, depth became deeper but it may be caused by the
boundary condition for sediment inflow.

On the other hand, sediment transport in Type 2b is active. Therefore, bar formation is
confirmed in the simulation. If the bank is more cohesive, width is more stable.

6.2 Limitation

This study introduced detail characteristics and bank erosion simulation only for type 2a
and 2b. Type 1 is considered to be stable based on the comparison with past studies.
Moreover, the Sangkae River has the cohesive bank and bed material, but the channel is
Type2a. The mechanism is still unknown. Type 3 has bar formation characteristics and the
stability might be determined by bar movement. In this study, bar formation and movement
for Type 3 was not investigated in detail. The number of simulation as well as field
measurements are limited, therefore hypothesized mechanism in this study should be
continuously examined. Bank erosion simulation also has limitation to conduct long-term
simulation and it is necessary to cover long term simulation. Another point related to
interaction among parameters, the impact of channel shape on sediment size was not
clarified well and should be investigated in the future

6.3 Conclusions

The effect of sediment on aspect ratio could explain the change of planform dynamics.
This effect could be investigated by several approaches and sediment size has important role
to maintain channel stability. Active sediment movement detected in river with high sinuosity
with low aspect ratio and fine sediment. Bank erosion is controlled by silt-clay percentage in
river bank. Bed deformation found to be active when the stream power is large, but it is
limited by river width when the silt-clay percentage in a river bank is high.

Proposed meandering characteristics is important to understand meandering rivers
characteristics. Parameters of this classification could distinguish type of meandering rivers.
Detail investigation of each parameter gives the comprehensive perspectives about each
meandering types.

Each type could have different approaches related to maintaining stable cross-sectional
shape in terms of river management. Type 1 and Type 2a have their shape stability. In that
case river manager can spend less effort to maintain it compared to other types. Of course,
some parts might have small scale characteristics such as local bank erosion due to human
activities or impact of river crossing structures. For Type 3, river managers need to understand
bar formation mechanism and give more attention to check the bar in every flood events.
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Type 2b tend to be unstable, it might be the typical channel pattern located in upper part of
lower reach.

Active erosion and deposition are necessary to be checked by periodical cross-sectional
survey, and it should be compared to other types more often. Several actives zones can be
identified by river managers and become focusing points to maintain the stable cross-
sectional shape. Therefore, suitable river works plans could be selected based on design and
budget optimization.
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