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CHAPTER 1

 

INTRODUCTION 

 

1.1 Background 

A river basin is the portion of land drained by a river and its tributaries. It 

encompasses all of the land surface dissected and drained by many streams and 

creeks that flow downhill into one another, and eventually into one river. The final 

destination is an estuary or an ocean and it sends all the water falling on the 

surrounding land into a central river and out to the sea as shown Fig. 1.1. Not only 

water but also sediment and several materials are transported along a river, and they 

support many kinds of organic matters. 

 

 

 

Fig. 1.1 Concept and organization of river basin 

Source: bc.outcrop.org 
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Hydrological cycle in a river basin is a conceptual model that describes the storage 

and movement of water between the hydrosphere, atmosphere and biosphere. It is 

also takes a role not only transporting water but also sediment and various materials 

including biophilic elements. In conveyance process of biophilic elements, they will 

change from inorganic to organic matters, and they sometimes form biomass. In this 

sense the hydrological cycle drives even bio-aspects related to various organisms. 

Recently, Such as river basins are developed in order to achieve certain objectives, 

among which are the control of floods; the generation of power; the supply of water 

for municipal, industrial, and agricultural use; opportunities for fishing; improved 

transportation; and recreation. River basin development is closely related to these 

processes and river basin management is a key for sustainability of human activity. In 

particular, management of rivers must be efficient where the above processes are 

dynamic. Since the revision of river law in 1997, ecosystem conservation has become 

one of the objectives of river management, and we need to understand the research 

topics how to recognize the mechanism of river ecosystem. River ecosystem is 

recognized as an interrelating system among (A) physical basement, (B) biota and (C) 

biophilic elements cycle by tsujimoto (2008): When fluxes(water, sediment, materials, 

temperature, etc.) pass through the above system, the interactions in the system 

become active, and various ecosystem functions appear as shown in Fig. 1.2.  

 

 

 

Fig. 1.2 Landscape expressed by interrelating system 
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As for the subsystem(A), the vegetation plays many essential roles in the 

functioning of river ecosystem, including: flow regulation: the vegetation slows the 

flow of water, both by physically blocking the passage of water, and by absorbing the 

water into its root systems. water quality regulation: the vegetation acts as a buffer or 

filter between nutrients, sediments, contaminants, and bacteria from the surrounding 

land and air, and the river channel itself. habitat provision: the riparian vegetation 

zone is an important habitat for many plants and animals, because it is an area of 

transition between the land and the river. These relatively steep environmental 

gradients (moisture, temperature, topography, and soil) generally support higher 

levels of biodiversity than more homogeneous areas. Especially, vegetation plays an 

important role in fluvial processes, and fluvial processes in streams with vegetation 

have become hot topics in river hydraulics. Vegetation significantly affects flow, 

sediment transport and bed morphology, while morphology governs growth and 

decay of vegetation with flow regime. Since the vegetation affects flood flow with 

higher resistance, vegetation dynamics and its control are critical issue from flood 

management as well as ecosystem management. Habitat suitability is another topics 

in ecohydraulics. Combining it with the knowledge of population dynamics, some 

aspect of biota can be described. As for biota (B), life cycle and food web are 

especially focused on. Habitat of some species should be considered in relation to 

their characteristic life cycle and energy supply based on food web. and it is described 

as population dynamics of organisms, where that for one species is related to those 

for other species in its food web. Production and respiration in population dynamic 

are intimately related to biophilic element material cycle(C). As for the subsystem(C), 

In aquatic ecosystems, most particulate organic matters (POM) with smaller specific 

weight are suspended in water, and gradually settles. In particular, many different 

types of material are collected together by currents, and much material settles in 

slowly flowing areas, and its role is great on river ecosystem. 

Recently depth-averaged analysis of flow and sediment transport has become 

familiar and powerful means in river management. To date, many kinds of hydraulic 

model have been performed to analyze hydrodynamical and geomorphological 

characteristics of riparian vegetation zone, but several issues remained in numerical 

modeling in depth-average scheme. The objective of the this study is to describe the 

detailed characteristics of flow through rigid vegetation, considering new resistance 

law and to find out complicated sediment transport processes including particulate 

organic matters (POM). 

Chapter 1 describes as follows. The first is existing research related to this study, 
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second is subject and methodology of study third is structure of this thesis. 

 

1.2 Literature Review 

1.2.1 Flow through vegetation 

Many researchers have attempted to identify the effect of vegetation using a 

resistance parameter. Early researcher attempt to describe vegetation roughness use 

the Chezy coefficient, C (Leliavsky (1959), Chow (1959), Strupczewski (1996), 

Strupczewski and Szymkiewicz (1989, 1996)), Manning roughness coefficient, n 

(Arcement and Schneider (1989), De Doncker et al. (2009), Petryk and Bosmajian 

(1975), Sepaskhah and Bondar (2002), Limerinos (1970), Li and Zhang (2001), 

Morvan et al. (2008)). And the Darcy-weisbach friction factor, f (Kouwen (2000), 

Fathi-Moghadam (1997), Chen (1976), Aberle et al. (2010)). 

It is also common for hydraulic conductivity to be estimated using empirically 

derived formulas. Out of all hydraulic parameters involved in the process, roughness 

coefficients represent is a key for a practical numerical simulation of vegetated open 

channel flows, but remain especially difficult to determine (Kidson et al. (2005), 

Thorndy craft et al. (2005), Zhu and Zhang (2009)) and the roughness coefficients are 

influenced by many kinds of factor (Chow (1959), Aldridge and Garrett (1973)). 

James et al. (2004) addresses the necessity to find methods other than the 

conventional roughness formulations to describe flow in presence of vegetation. They 

also made mention of conventional resistance equations (such as those of Manning, 

Chezy and Darcy-Weisbach) are inadequate for flow through emergent vegetation, 

where resistance is exerted originally by stem drag throughout the flow depth rather 

than by shear stress at the bed. 

Some research attempt to describe the problem of roughness parameter estimation 

was extensively examined by using the various simulation optimization 

models((Becker and Yeh, 1972, 1973; Wasantha Lal, 1995; Ramesh et al., 2000; Ding 

et al., 2004; Nguyen and Fenton, 2004; Ding and Wang, 2005; Waichler et al., 2005; 

Tang et al., 2010; Ayvaz and Genç, 2012). 

To improve resistance relationships, many researchers have been conducted 

vegetation with: 
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• Submerged and non-submerged(rigid vegetation) 

 

In the vegetation resistance, the height of the vegetation according to the water 

depth is important because it influence the flow velocity profile. The flow velocity 

profile about submerged and non-submerged vegetation is very different so these 

kinds of condition are deal with separately. In the case of flow over fully submerged 

vegetation, the vegetation does not interrupt the velocity at the upper part of the water 

depth. After flow become stable, The velocity becomes a logarithmic profile. Fully 

submerged vegetation can be described as a roughness and therefore can be 

approximated by Manning roughness coefficient (Augustijn et al. 2008).  

Second case is flow through non submerged vegetation. The mean velocity of non 

submerged vegetation is easier to calculate than submerged vegetation. Near the 

channel bed, the velocity is lower, due to bottom roughness. Petryk and Bosmaijan 

(1975) derived an equation using the resistance acting on the flow balanced with the 

drag force. The resistance acting on the flow are; gravity, shear forces on the 

boundary caused by viscosity and wall roughness and drag forces on the vegetations. 

Stone and Shen (2002) also derived an equation to determine the vegetation resistance 

verified by their laboratory experiment for submerged and emergent rigid vegetation 

with stems of various sizes and densities. They started with the momentum balance in 

streamwise direction. Hoffmann (2004) developed a space-time averaged form of the 

Navier-Stokes equation treating the vegetation as a porous media. He averaged the 

Navier-Stokes equation in time and volume. And he defined the closure term needed 

in the time and volume averaged Navier-Stokes equation. This closure term depicts 

the interaction of the flow with the porous media and consider the extra drag exerted 

on the fluid according to the presence of the vegetation stems, based on the 

macroscopic variables.  

Third case is flow through submerged vegetation. In this case, due to higher 

velocities in the surface layer above the vegetation, a shearing effect in the vegetation 

layer occurs. Because of the difference in velocity in these two layers, vegetation 

depiction for submerged vegetation are often based on a two-layer approach. The 

two-layer approach depicts the velocity inside the vegetation layer separately from 

the velocity inside the layer above the vegetation. The averaged velocity inside the 

vegetation (Uv) is often assumed to be constant (Klopstra et al., 1997 and Huthoff, 

2007). Above the vegetation often a logarithmic profile is assumed for the velocity 

distribution in the surface layer (Us). Borovkov and Yurchuk (1994) derived an 

equation for the resistance of submerged vegetation using the theory and laboratory 



Chapter 1. Introduction 

 

６ 

 

investigations from Tai (1973), Kouwen et al. (1969), Chow (1959). The method of 

Klopstra et al. (1997) is included in the two-dimensional WAQUA models, which is 

used in the Netherlands for modeling. The turbulent length scale α of Van Velzen et al. 

(2003) is empirically determined. There are also other authors who derived an 

equation for this parameter. Meijer (1998b) used the results of 56 flume tests and 

derived empirically the following relation. Another formula for the turbulent length 

scale is defined by Huthoff (2007). He found the highest coefficient of correlation for 

the relation. Van Velzen et al. (2003) assumed a flow velocity in the vegetation layer 

that is unaffected by surface layer flow. Stone and Shen (2002) is used to describe the 

mean velocity inside the vegetation layer using the submergence fraction. From the 

momentum balance for flow through submerged vegetation Baptist et al. (2006) 

derived a formula for the velocity inside the surface layer using genetic programming. 

Genetic programming is a technique that can be used to find the symbolic form of an 

equation, including a set of coefficients. Using scaling assumptions, Huthoff (2007) 

derived an analytical expression for bulk flow through and over vegetation. 

 

• Flexible vegetation 

 

Flexible vegetation elements are distinguished from that of rigid vegetation 

elements because the drag coefficient of flexible vegetation decreases when the 

vegetation is bending. It is less difficult to describe a theoretical equation for the 

resistance of rigid vegetation than for the resistance caused by flexible vegetation. 

The behavior of flexible vegetation depends on the flow conditions making it more 

complex than rigid vegetation. For submerged vegetation, bending of the vegetation 

influences the averaged velocity. For submerged flexible vegetation, three different 

configurations (stiff, bending, prone) can be distinguished depending on the flow 

velocity and the plant characteristics (Kouwen et al., 1969; Gourlay, 1970, Carollo et 

al., 2005). If the flow velocity is small, the flexible vegetation shows a rigid behavior. 

In the case of bending and prone situation, the behavior of the vegetation depends not 

only on the flow velocity but also on the bending stiffness of the vegetation. Kutija 

and Hong (1996) demonstrated that formulas developed for rigid vegetation could be 

extended to include the effects of plant flexibility by an iterative method using a 

simple cantilever beam theory. Similar methods have been proposed by Thompson 

and Roberson (1976) and Manz and Westhoff (1998). However, characterized by the 

flexibility of the stem and the connected deflected vegetation height is very 

complicated. Most explanations use the elasticity of the vegetation to calculate the 
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deflected vegetation height. For example, Kouwen and Unny (1973) suggested to 

establish values of mEI (stem density, elasticity, stem area‟s second moment of inertia) 

empirically to define the deflected vegetation height. However, there are a lot of 

arguments against such methods: Fischenich (2000) mentioned that the mEI value has 

been proven to be difficult to measure in the field, and has no direct physical meaning. 

Wilson (2007) argued that the flexibility of an individual grass blade is difficult to 

determine and highly variable; variations in modulus of elasticity of up to 100% can 

occur between samples. Moreover, densely packed groups of blades will have 

different bending properties compared to a single blade, hence correlating deflected 

height as a function of bending stiffness may be inappropriate. Most of these research 

efforts focus on determining drag coefficients and empirical formulas for resistance 

under various vegetation configurations. While it is important to develop empirical 

solutions to vegetative resistance, it is also important to understand the detailed 

characteristics of the flow through vegetation. Recently, several studies have focused 

on velocity profiles and turbulent characteristics of vegetated channels (Shimizu and 

Tsujimoto, 1994; Tsujimoto et al., 1992; Naot et al., 1996; Nepf, 1999; Lo ṕez and 

Garcı´a, 2001, 2004; Stephan and Gutknecht, 2002). 

 

1.2.2 Sediment transport through vegetation 

The influence of vegetation on hydraulics and sediment transport depends on 

characteristics like height (emergent, submergent), location (on river banks, on 

floodplains, aquatic vegetation), arrangement, density, and flexibility (grass, reeds, 

bushes, trees). In conjunction with the water discharge it controls hydraulic 

parameters like flow velocity, water depth, and energy slope. Thus, vegetation has a 

direct impact on sediment transport processes. Due to the transport processes bed 

roughness and bed slope are changed looping back to the geometry and the hydraulic 

of the river. Also sediment transport processes and in this context bed stability and 

bed form development have been investigated since many years. 

  

• Bed-load transport through vegetation 

 

Many approaches and equations have been proposed for relating the rate of 

sediment transport to flow characteristics, but these cannot be applied directly for 

flow through vegetation stems. Within stands of vegetation, drag on the stems 

increases overall flow resistance and reduces the shear stress (James et al., 2002; 



Chapter 1. Introduction 

 

８ 

 

Jordanova and James, 2003; Watanabe et al., 2002) applied to the bed, resulting in 

reduced capacity for bed load transport and increased propensity for trapping, 

deposition, and stabilization of sediment. A number of studies such as those by 

Hirano et al. (1987), Hirano (1992), Mizuhara (1995), Ishikawa et al. (1998), 

Jordanova and James (2004), Kao and Barfield (1978), Klaassen and van der Zwaard 

(1974), Kouwen and Moghadam (1996), Li and Shen (1973), Nepf and Vivoni (1998), 

Nepf (1999), and Thompson and Roberson (1976), have been carried out for 

estimating the flow resistance due to drag of the stems. Mizuyama et al. (1989) on the 

evaluated of the surface roughness coefficient on flows through riparian forests 

related to accelerating sedimentation. 

Detailed experimental studies of how bed load is transported through vegetation 

have only recently been carried out by Specht (2002). Specht (2002) investigated in a 

series of laboratory experiments how vegetation influences bed load transport rates in 

compact river channels. Based on these experiments he derived a coefficient which 

can be used with various bed load transport formulae to account for the effect of both 

symmetrical and asymmetrical bank vegetation. Besides the altered transport rates, 

Specht (2002) found that vegetation significantly influences the geometry of sand 

dunes, which became steeper and more regular in length. In the study, shear stress 

exerted on the bed was calculated by subtracting the total stem drag from the total 

force applied by the flow in the flow direction. 

A paper by Parker and Klingeman (1982) proposed the idea of equal mobility. 

Equal mobility refers to a small range of discharge that moves a large range of 

bedload; In other words, when a threshold discharge is reached, the armor layer is 

disrupted and a large percentage of the bed load is moved. Although this was only to 

be used as a first approximation for transportation rates, the idea of equal mobility has 

been challenged, supported, and dismissed as nonsense. Komar and Shih (1992) 

refute the idea of equal mobility and, through calculations, show that equal mobility 

cannot occur. A compromise between these two views is given by Jackson and 

Beschta (1982). Their two-phase bed load transport includes both equal mobility and 

differential movement. 

Numerical models for the assessment of morphological development of river 

reaches have been developed by Tsujimoto (1999) and Baptist (2005). Successful 

numerical simulations of the transportation of fine sediments through emergent 

vegetation have been carried out by Lopez & Garcia (1998) and Choi & Kang (2004) 

on the basis of experimental data of Tollner et al. (1982) and another numerical 

modeling studies by Hirano et al. (1997) and Hashimoto et al. (1997) on the drag 
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coefficient of riparian trees and sedimentation characteristics at times of sediment 

inflow. 

 

• Suspended sediment through vegetation 

 

A lot of research efforts have been put into the effects of vegetation on hydraulic 

roughness, but the effects of vegetation on suspended sediment transport are less 

known and even less is known about the effects of vegetation on bed load transport. 

Several studies have been carried out on the interaction of vegetation and suspended 

sediment. These include field and laboratory measurements as well as numerical 

modelling (Nakagawa et al. 1992, Watanabe & Hoshi 1996, Houwing et al., 2000, 

Teeter et al. 2001, Madsen et al. 2001). 

The altered turbulent flow field around plants and the reduced bulk flow velocity 

may result in enhanced deposition of suspended sediments. However, vegetation may 

have also a destabilising effect on the sediments due to high local turbulent intensities 

and vertical velocity components in their wake. In this context, Choi & Kang (2004) 

concluded that the use of an isotropic turbulence model results in a significant 

underestimation of suspended sediment load for open-channel flow with emergent 

vegetation.  

Lopez and Garcia (1998; 2001) also used computational turbulence modelling to 

determine the velocity and kinematic eddy viscosity distributions for one-dimensional 

flow through vegetation stems, and then one-dimensional diffusion-convection theory 

to determine the vertical suspended sediment concentration distributions. The 

transverse transfer of sediment from an non vegetated channel to adjacent vegetated 

zones is more complex, and requires description of the transverse distribution of 

velocity and the transverse eddy viscosity. Tsujimoto and Shimizu (1994) used a 

similar approach to that of Lopez and Garcia (1998; 2001) to simulate the vertical and 

transverse distributions of suspended sediment concentration in simple and compound 

channels with vegetation zones in the cross-sections. Their model is able to predict 

deposition within a vegetation strip and its dependence on stem density. 

An alternative to turbulence modelling for determining sediment diffusivity values 

is empirical evaluation for appropriate conditions. As part of a study of fine sediment 

settling within emergent vegetation, Elliott (2000) determined vertical diffusivities in 

an array of 6.4 mm diameter cylindrical rods set at a density of 3667 rods/m
2
 in a 6 m 

long, 0.29 m wide flume, by measuring concentration variations of injected dye. The 

diffusivity varied with velocity, slope and flow depth, but the concentration 
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distributions were consistent with constant values over the depth. Nepf (1999) used 

measurements of dye dispersion to determine transverse diffusivities in flows through 

arrays of cylindrical rods. She found transverse diffusivities to vary with stem 

characteristics and flow velocity. 

 

1.2.3 Particulate organic matter through vegetation 

Low-order forested streams, where light limitation restricts primary production, 

rely upon the input of organic matter from the riparian zone to fuel in-stream 

processes (Vannote et al., 1980). Thus, benthic coarse particulate organic matter 

(CPOM; e.g. leaves, wood and twigs) is a pivotal component of the functioning of 

these streams. It often forms the basis of the trophic structure of streams, being the 

major source of organic matter and energy in woodland stream ecosystems (Cummins 

et al.,1989). The decomposition of this organic matter is a key ecosystem-level 

process integrating the activities of both microbial and invertebrate decomposers 

(Gessner and Chauvet, 1994; Suberkropp, 1998; Graca, 2001; Hieber and Gessner, 

2002).  

Organic matter storage within stream sediments has received less attention than at 

the surface of sediments. However large standing stocks of particulate organic matter 

(POM) may occasionally be buried in sediments and significantly contribute to 

hyporheic metabolism (Metzler and Smock, 1990; Sobczak et al., 1998), and 

therefore to the overall ecological functioning of headwater streams. Relatively little 

work has attempted to quantify POM buried in the sediments of headwater streams as 

usually it occurs following spates or other depositional events (Leichtfried, 1985, 

1988; Metzler and Smock, 1990; Smock, 1990; Bretschko, 1991; Wagner et al., 1993; 

Jones et al., 1995; Naegeli et al., 1995). 

The quantity of organic matter deposited on the stream substratum was greatly 

increased, this being true of both fine particulate organic matter (FPOM) and coarse 

particulate organic matter (CPOM, particles >1 mm in diameter) (Koetsier and 

McArthur, 2000). Many researchers have addressed the role of grain size and organic 

matter of sediments (Borovec, 2000; Wen et al., 2001; Lu and Allen, 2001; Vignati 

and Dominik, 2003). 
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1.3 Study Object and Method 

In order to manage river from the viewpoints of flood mitigation, water resources 

utilization and ecosystem conservation, river flow and morphological changes there 

would be fairly understood and reasonably described. In particular, vegetation 

developed in riparian area recently is a key because it affects flow, sediment transport 

and morphological change. In addition, behavior of particulate organic matter (POM) 

including plants seeds in river ecosystem is also important to understand how POM 

drifts are different from sediment behavior in riparian vegetation, because it 

influences vegetation productivity and supports diversity through riverine 

biogeochemical process. 

From the view point of flow in vegetated area, the velocity profile is deviated from 

log-low. Transport and deposition behavior of sand and POM are somehow similar 

with different specific weight of particles but they are mutually related each other. 

Though mechanics of sediment transport has been developed well to describe fluvial 

process, the complicated processes including behaviors of POM has not been well 

understood yet. It is focused on that riparian vegetation plays an important role there 

and the behavior of sand and POM there is quite complicated. In this study, transport 

and deposition of sand and POM in vegetated area are focused on and investigated by 

using a fundamental flume experiment and numerical calculation scheme. 

The 2-Dimensional numerical model made by Nagoya hydraulic(hereafter, 

NHSED2D), which is able to simulate flow fields-vegetation-bed variation interaction 

directly, is used to investigate fluvial process and mechanics of sediment transport in 

vegetated area. The NHSED2D model is basically based on the model developed by 

(Goto et al., (2002)). New model (which can analyze the suspend sediment and 

specific fluvial process) will be developed.  

Several issues remained in numerical modeling in depth-averaged scheme has been 

discussed using newly developed numerical model: how the boundary layer develops 

near the bed in vegetated area and how particles with different specific weights 

behave with mutual interaction. 

This study will perform overall evaluation about fluvial process and behavior of 

sediment and POM in vegetated area with the detailed purpose. And it will be 

discussed concretely. 
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1.4 Contents 

Though fundamental flume experiment and numerical simulation, this study will be 

discussed hydrodynamic characteristics and behavior of sediment and POM in 

vegetated area. The research contents are as follows.  

Chapter 1 will describe background, purpose and method, and contents of the 

research, as well as literature review. 

Chapter 2 will describe the fundamental flume experiments in a laboratory for flow 

and transport and deposition process of sediment and POM through experiment set-up 

and result. And it will be discussed what cannot be described in the conventional 2D 

scheme, and what should be modified for application in the conventional model. 

Chapter 3 will describe discussion on 2D depth averaged model for flow and 

fluvial process with vegetation. Flow can be described by the momentum equation, 

continuity equation, resistance law and advection-diffusion equation. The time 

variation of the bed elevation can be described bed shear stress, bed load sediment 

and suspended sediment. Ambiguous aspects remained in numerical modeling has 

been discussed: velocity distribution and bed shear stress in flow with vegetation, 

transverse mixing of flow with vegetation, suspended sediment concentration profile 

in vegetation area. 

Chapter 4 will discuss concept of bed roughness boundary layer in vegetation area. 

the bed roughness boundary layer in vegetated area through Liu et al. (2008). This 

chapter consist of favorable formula to estimate the bed roughness boundary layer 

thickness, velocity distribution in bed roughness boundary layer in vegetated area and 

resistance law in vegetated area.  

Chapter 5 will discuss application of bed roughness boundary layer concept. In this 

chapter discuss about flow and sediment transport with non submerged vegetation in 

1D scheme. Second, application to bed load transport and it will compare with 

experiment data of bed load deposition in decelerated area in vegetation. Third 

discuss about ratio of averaged concentration and bottom concentration and 

comparison of suspended sediment concentration profile using bed roughness 

boundary layer concept. 

Chapter 6 will discuss transverse mixing in flow and suspended sediment in stream 

with vegetation zone. Lateral mixing of momentum and lateral distribution of depth 

averaged velocity are introduced and discuss transverse mixing of kinematic eddy 

viscosity, diffusion coefficient, depth averaged concentration and suspended sediment 

transport deposition in vegetated area. 
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Chapter 7 will discuss transport of POM with sediment. In this chapter POM 

discuss about interference with sediment using hydraulic experiment. And it is 

compare with 2D numerical analysis model. 

Finally we draw an overall conclusion of this research and some recommendations for 

further researches relating to this topic are made in Chapter 8. Concluding remarks 

are also made at the end of each chapter base on results obtained in different phase of 

the research within the framework of the objectives. 

The frame of the research phases presented in this dissertation with the relationship 

among them is delineated with a Fig. 1.3. 

 

 

 

Fig. 1.3 Graphical representation of dissertation framework 
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CHAPTER 2 

 

Laboratory experiments for flow and transport and 

deposition process of sediment and POM 

 

2.1 General 

The POM in rivers is derived from both allochthonous and autochthonous sources, 

which include litter from the riparian zone, breakdown of large organic matter, 

transport from upstream reaches, algae, bacteria, and aquatic plants (Wallace & 

Grubaugh, 1996). POM is a component of the carbon budget of a basin, and the 

transport of organic matter from headwater channels is important in providing food 

resources for aquatic biota in downstream reaches (Webster & Golladay, 1984). 

Recently, the transport and deposition of particulate organic matter (POM) in river 

streams has received much attention as one of important ecological process in rivers. 

The complicated processes including behaviors of POM has not been well understood 

yet, despite a wealth of measurements of POM in transport and in storage in stream 

sediments (Fisher (1997), Golladay et al (1987), Webster et al (1990)). Capture of 

POM there must be significant in ecosystem and it is important to understand how 

POM drifts are different from sediment behavior in riparian vegetation, because it 

influences vegetation productivity and supports diversity through riverine 

biogeochemical processes. 

We focused on interacted behaviors of suspended sediment and POM in vegetated 

area on sand bars. The purpose of Chapter 2 to clarify the characteristics of deposition 
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of POM with suspended sediment on sandbars with riparian vegetation through 

laboratory experiments. 

 

2.2 Laboratory experiments 

2.2.1 Overview of laboratory experiment  

To observe the deposition mechanisms of sediments and POM which has two 

properties such as the shape and specific gravity that differ from the sediments during 

flood stage, a laboratory experiment was conducted by focusing on two kinds of basic 

fluvial processes as mentioned above. The experiment using an open channel with 20 

m of length, 0.5 m of width and 0.3 m of height was carried out. The channel bed is 

rigid by laying 2 mm diameter of sediments. The vegetation model was created by 

using bamboo skewers that was inserted into staggered form on an acrylic board with 

diameter D=0.25cm and spacing λ=0.25cm
-2

(number of cylinders in unit area), Their 

condition in the experiment is non-submerged (Fig. 2.1)  

 

 

 

Fig. 2.1 Vegetation model 

 

The 2 kinds of sediment, 1.25 mm (coarse sand) and 0.25 mm (fine sand) diameter, 

and the 2 kinds of PVC pellets assumed as POM model adjusted as the specific 

weight 1.26 were used through this laboratory experiment. In general, POM derives 

from the surface litter of forests, from peat, and it has various shapes. Hence each 

PVC that has various shapes was selected and distinguished a coarse particulate 

organic matter (CPOM) from fine particulate organic matter (FPOM) by their size 

(Yoshimura, 2006). 

The Fig. 2.2 and Table 2.1 shows these details of experimental materials. We 

selected each experimental condition to change each material from movement or bed-
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load transport to non-movement or suspended transport. 

 

 

 

Fig. 2.2 Experimental materials 

 

Table 2.1 Detail of each experimental sample 

 

 d50(mm) Specific weight wf (cm/s) 

Coarse sand 1.25 2.65 11.1 

Fine sand 0.25 2.65 3.13 

CPOM 

（using PVC） 
1.50 1.26 5.5 

FPOM 

（using PVC） 
0.15 1.26 0.47 

 

2.2.2 Longitudinal transition in riparian vegetation 

To observe the deposition mechanism of each sediment and POM in riparian 

vegetation, the experiment was carried out by using 2 of 4 kinds of samples, e.g. fine 

sand and CPOM. The vegetation model was laying on all width and 5 m length of the 

open channel from 6 m lower of the upstream of the channel as shown in Fig. 2.3. 
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Fig. 2.3 Plan view of experiment channel (full vegetation) 

 

 

 

Fig. 2.4 Water depth and normal depth (full vegetation) 

 

Fig. 2.4 shows water depth and normal depth. Measurement area of 2 m from the 

beginning of vegetation area was confirmed the condition of uniform flow. Fig. 2.5 

shows depth averaged velocities in open channel can also be affected by vegetation. 

 

 

 

Fig. 2.5 Depth averaged velocity (full vegetation) 
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And the water discharge was controlled so that the vegetation is non-submerged. 

Table 2.2 shows the concentration of the sediment and POM supplied by each case. 

 

Table 2.2 Concentration of sediment and POM 

 

 Sediment  CPOM Inserting time 

 Concentration(mg/l) Concentration(mg/l) Min 

Case1 900  20 

Case2 900 60.0 20 

 

The 2 kinds of experimental cases were run to observe each fluvial process of 

sediment and POM. Case-1 was to provide only fine sand, the other Case-2 was to 

provide both of fine sand and CPOM. Both of sediment and POM were provided at 2 

m upper part from vegetation area with constant density during 20 minutes for all 

cases. The experimental hydraulic condition is listed in Table 2.3. 

 

Table 2.3. Experimental hydraulic condition about full vegetation 

 

Q(cm
3
/s) Ib If h0 (cm) u*0 (cm/s) u*v (cm/s) λ S(kg) 

6940 1/150 1/185 3.5 4.3 2.3 0.00625 7.5 

 

In which Q is the water discharge, Ib is the bed slope, If is the energy slope, u*0 is 

the friction velocity in non-vegetation area, u*v is the friction velocity in vegetation 

area, λ is the vegetation density and S is the quantity of sediment supply. Friction 

velocity(u*v) of each sample is determined as follow; The energy slope(If) was 

calculated using the Equation (2.2) has been altered Equation (2.1). 

 

2 21 1

3 32 2
0

1 1
f fv R I h I

n n
    (2.1) 

 

4

2 2 3
0fI n v h


  (2.2) 

 

Where, v: depth averaged velocity(m/s), R: hydraulic mean depth(m), If : energy 

slope, h0: normal depth(m), n: manning‟s roughness coefficient(=0.02), v, h0 is using 

the observed value. Friction velocity of non-vegetation is obtained using Equation 
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(2.3). 

 

*0 0u gh I  (2.3) 

 

The u*v was calculated by multiplying the ratio of u*0 and the bottom velocity after 

measuring each bottom velocity in vegetation area and non-vegetation area. 

 

*0

p

u

v
   (2.4) 

*v piu v  (2.5) 

 

Where, vp: measuring bottom velocity(m/s), vpi: bottom velocity in the vegetated 

area(m/s). 

The movement form of each sample is judged on Shields diagram (τ
*
~Re

*
 plane; 

τ
*
=dimensionless shear stress, and Re

*
=grain size Reynolds number) as shown in Fig. 

2.6 

 

 

 

Fig. 2.6 Shields diagram in longitudinal transition(full vegetation)  

 

Fig. 2.6 is different whether the vegetation area is existed. Fine sand is not 

transported in vegetation area but CPOM is transported as bed-load under this 
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hydraulic condition. 

The longitudinal profiles of deposition of fine sand were measured during 20 min 

and depicted in Fig. 2.7. 

 

 

 

Fig. 2.7 Longitudinal profile of deposition of case1 

 

The beginning of X axis indicates the upstream part of vegetation area. We 

observed that sediment deposition was occurred at the beginning of vegetation area. 

Longitudinal profile of deposition after 20min have some undulations with wave 

length L (L=8-10cm, L=d=300-500), and they were regarded as ripples from the 

experimental conditions on the Shields diagram. 

 

 

 

Fig. 2.8 Contour of the sediment thickness (after 14min)  

 

Contour of sediment thickness after 14min as shown in Fig. 2.8. In this figure, we 

can confirm that the shape of ripple and tendency of deposition tendency are constant 
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with transverse direction. 

Fig. 2.9 shows the temporal change of deposition thickness and number of CPOM 

deposited during 20 minutes.  

 

 

 

 

Fig. 2.9 Temporal change of deposition thickness and number of CPOM deposited 

 

The beginning of x axis indicates the upstream part of vegetation area. We 

observed that sediment deposition was occurred at the beginning of vegetation area in 

both of cases; ripples were formed by fine sand and propagated it with time progress. 

In contrast, CPOM isn‟t deposited by itself in vegetated area but it deposited with fine 

sand. Firstly fine sand formed ripples. CPOM is deposited behind crest of fine sand. 

Second, fine sand is deposited on CPOM depositions, finally new CPOM is coming 

and deposited behind crest and the steps are then repeated (Fig. 2.10). 

 In Fig. 2.10, we can confirm that CPOM deposition is increasing and propagating 

with the development of ripples. Therefore, the places where CPOM can easily 

deposit are formed by the development of ripples in vegetated area. 

 

 

 

Fig. 2.10 Deposition mechanism of CPOM 
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Fig. 2.11 shows sediment thickness of case1 and case2 after 20 minutes. It seems 

clear that wavelength of ripple and length of deposition zone is different. 

 

 

 

Fig. 2.11 Sediment thickness of case1 and case2 

 

Fig. 2.12~15 shows maximum deposition thickness, wave length of ripple, length 

of deposition, and wave height of ripple during time. Wave length of ripple is the 

average value and length of deposition is continuously deposited sediment. The 

temporal change of wave length and height of each case at 40-60 cm downstream part 

from the beginning of vegetation area was compared as shown in Fig. 2.13 and Fig. 

2.15. 

 

 

 

Fig. 2.12 Maximum deposition thickness 

 

 

    Fig. 2.13 Wave length 
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     Fig. 2.14 Length of deposition 

 

 

      Fig. 2.15 wave height 

 

In case1 and case2, the maximum deposition thickness of the sediments is not 

significantly different. We can assume that maximum deposition thickness according 

to CPOM is not affected by CPOM. The wave length is constant with time progress; 

however the wave height is tend to develop. In particular, the wave height of Case-2 

is lower than Case-1 because the phenomena is caused by multifunction of sand and 

CPOM deposition. When the fine sand go through from up to down in vegetation area 

with CPOM, the ripples are firstly formed by fine sand, and CPOM are captured by 

trough of ripples formed by wave action. The fine sand is transported to downstream 

part so that ripples are developed with time progress. Hence, the decrease of wave 

height are affected by the quantity of fine sand transported into vegetation area 

whether CPOM exist or not. According to comparison of the progress speed of wave 

length measured of each case, Case-1 was faster twice than Case-2 because of the 

influence of CPOM deposited in trough of ripple. Table 2.4 show details. 

 

Table 2.4 Comparison of wave length, height and propagation velocity of ripple 

 

x=40-60cm 

 

Case-1 

 

Case-2 

 

Wave length: L(cm) 10 9 

Wave height: H(cm) 0.65 0.45 

Propagation velocity: Uw(cm/s) 0.021 0.019 

 

 

 



Chapter 2.Laboratory experiments for flow and transport and deposition process of 

sediment and POM 

 

３３ 

 

2.2.3 Transverse dispersion in riparian vegetation 

To observe each mechanism of invasion and deposition of sediment and POM into 

the vegetated zone by transverse dispersion by neighboring faster flow with slower 

flow in vegetated zone along a bank, the experiment was carried out by installing the 

vegetation model on one side bank, using 4 kinds of samples as shown in Table 2.1. 

The vegetation model was laying on 7 m length and 0.25 m width from 6 m lower 

of the upstream of the channel as shown in Fig. 2.16 Measurement section is 

determined at 5.3m point from the beginning of vegetation area by confirming 

equilibrium condition. The Table 2.5 shows the experimental hydraulic condition for 

these cases. 

 

 

 

Fig. 2.16 Plan view of experiment channel (half vegetation) 

 

Table 2.5 Experimental hydraulic condition about half vegetation 

 

Q(cm
3
/s) Ib If h0 (cm) u*0 (cm/s) u*v (cm/s) λ 

6940 1/150 1/185 3.4 6.5 1.2 0.00625 

 

In which Q is the water discharge, Ib is the bed slope, If is the energy slope, u*0 is 

the friction velocity in non-vegetation area, u*v is the friction velocity in vegetation 

area, λ is the vegetation density. The u*v was calculated by using same method as 

mentioned above. The movement form of each sample described by shields diagram 

as shown in Fig. 2.17 is different whether the vegetation area is existed. 
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Fig. 2.17 Shields diagram in longitudinal transition (half vegetation)  

 

In the experiment, two kinds of sand: coarse sand (d =1.25mm, σ/ρ =2.65); fine 

sand (d =0.25mm, σ/ρ =2.65) and two kinds of POM: CPOM model (d =1.50mm, σ/ρ 

=1.26); FPOM model (d =0.15mm, σ/ρ =1.26): were employed, and their movement 

in non-vegetated and vegetated zones was judged as shown in Table 2.6 

 

Table 2.6 Movement of particles 

 

Particle Non-vegetated zone Vegetated zone 

CS(Coarse sand) Bed load motion No motion 

FS(Fine snad) Suspension No motion 

CPOM Bed load+suspension Bed load motion 

FPOM Suspension Suspension 

 

In this laboratory experiment, 6 cases were prepared to observe critical mechanism 

of deposition characteristics of 2 kinds of POM according to the sand deposition as 

shown in Table 2.7.  
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Table 2.7 Experimental cases with various blend of particles 

 

 

Case 

 

Blending of supplied particles(mg/l) 

Supplied 

amount per 

20min(kg) 

 CS FS CPOM FPOM  

3 1578  78.9  8.0 

4  1262 98.6  8.0 

5 789 789 98.6  12.0 

6 1669   250 12.0 

7  1819  273 12.0 

8 947 947  284 12.0 

 

CS, FS, CPOM and FPOM were supplied 1m upstream from vegetation area with 

various blends. As shown in Fig. 2.18, Measurement section is determined at 4.5m-

6.0m from the beginning of vegetation area by confirming equilibrium condition. 

Fig 2.19 shows depth averaged velocity in transverse direction at 5.3m from the 

beginning of vegetation area. Water depth is 3.4m and vegetation model is non 

submerged in this point. 

 

 

 

Fig. 2.18 Water depth in the vegetated area (half vegetation) 
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Fig. 2.19 Depth averaged velocity (half vegetation) 

 

We measured the thickness of sand deposition and the width of deposition layer 

from the boundary of vegetation area. However CPOM run through with bed-load 

transport without depositing into vegetation area, we found that they invaded into 

vegetation. So that the invasion rate of CPOM was measured, and FPOM deposited 

with sediment was also measured by conducting the sieve analysis test. 

As for the temporal change of sand deposition of each case at measurement section 

(x=530 cm, see Fig. 2.16), the Fig. 2.20 shows their deposition characteristics. In this 

hydraulic condition, coarse sand is transported as bed-load, and fine sand is 

transported as suspended formation. The beginning of x axis represents the beginning 

of vegetation area in lateral direction. The result of every case showed ridge of 

sediment that was deposited along the boundary of vegetation, and it develop with 

time progress. 
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Fig. 2.20 Temporal change of sand deposition of each case 

 

The deposition thickness and width is increased from coarse to fine sand according 

to their grain size. Many researches which had already conducted about the 

deposition of suspended sediment in one side bank of vegetation pointed out that the 

deposition mechanisms of coarse and fine sand are differ (Lau et al, 1977, Webel et al, 

1984). The movement of suspended sediment transport has good followability with 

fluid motion, hence it predominate in transverse dispersion into vegetation area. This 

is the reason why the deposition width of suspended sediment became twice as wide 

as bed-load. 

On the other hand, deposition of bed-load on boundary layer of vegetation caused 

by wave action by neighboring faster flow with slower flow in vegetated zone along a 

bank (Ikeda et al., 1992, Tsujimoto et al., 1994). The wave action that caused the 

active movement of transverse dispersion could change the quantity of bed-load in 

lateral direction. The proportion of suspended and bed-load sediment in mixed sand 

deposited was 9 to 1. Moreover, the bed-load was transported more wide than it was 

transported by itself. 
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Fig. 2.21 CPOM invasion rate of each case (20min later) 

 

Fig. 2.21 shows the CPOM invasion rate into vegetation area of each case after 20 

minutes later. The CPOM number which passed through each section of the area 

within vegetation was comparatively displayed to all the CPOM input. Their range of 

movement is expanded according to height of sediment deposition. The height and 

width of sediment deposition is developed with time progress, on the other hand 

tractive force to transport sediment and CPOM in lateral direction was decreased 

according to the development of ridge of sediment. We assumed that these 

multifunctions changed the invasion rate of CPOM into vegetation area. 

The deposition thickness of FPOM was shown in Fig. 2.22. Their result showed 

that the deposition of FPOM is increased with coarser sand. In fact, we found that 

FPOM are captured by porosity in sediment and deposited, in particular FPOM is 

tend to deposit at backward from the top of ridge of sediment. The reason was 

assumed that the movement of FPOM has good followability with fluid motion as 

same as the movement of suspended sediment. The ridge of sediment deposition on 

boundary layer is decreased the velocity in lateral direction, at same time the tractive 

force is also decreased in backward from top of ridge. However, we have not 

illustrated their movement mechanism so that it is important to consider more details 

by observing the FPOM mechanisms with many trial cases. 
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Fig. 2.22 Deposition thickness of FPOM 

 

2.4 Concluding Remarks 

Flood mitigation and ecosystem conservation are simultaneously required in recent 

river management, and understanding and analysis of flow and river morphology in a 

stream with vegetation have become important topics in river hydraulics. 

In this study, we investigated the deposition mechanisms of sediment and POM 

through a laboratory experiment. After we observed the deposition mechanisms by 

the laboratory experiment focusing on two kinds of empirical hydraulic processes.  

 

Deposition mechanisms of sediment and POM by the laboratory experiment can be 

described as below: 

1. In case of longitudinal transition in riparian vegetation, ripples are formed by 

fine sediment that was deposited in riparian vegetation. And CPOM is 

captured by trough of ripples formed by wave action. In contrast, their 

multifunction of movement of both sample were decreased the propagation 

velocity of wave height and length of ripples. 

2. In case of transverse dispersion with vegetated zone, ridges of respective size 
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sediment are formed along the boundary of vegetation. CPOM and FPOM are 

not deposited by themselves in vegetation area (without sediment motion) but 

their ranges of movement are expanded by transverse diffusion promoted by 

sand ridges of sediment deposition. 

Although the results of this study add to rather limited empirical knowledge base, 

more research regarding the connectivity between the phenomenon caused on the 

field and the deposition mechanisms observed in the laboratory, the development of 

POM model(Chapter 8) based on the deposition mechanisms and numerical 

model(Chapter 4-7)presented in this study is clearly needed. 
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CHAPTER 3 

 

DISCUSSION ON 2D DEPTH AVERAGE MODEL FOR 

FLUVIAL PROCESS WITH VEGETATION 

 

3.1 General 

In order to manage river from the viewpoints of flood mitigation, water resources 

utilization and ecosystem conservation, river flow and morphological changes there 

would be fairly understood and reasonably described. In particular, Riparian 

vegetation is an important feature of many streams and rivers, because it may 

significantly affect river flow, sediment transport and morphological changes.  

Numerical models have been extensively used in simulating and predicting velocity 

and solute transport fields in open channels, rivers and other water bodies, most 

models are developed based on the finite volume method, the finite element method, 

the finite difference method. The models developed for vegetated open-channel flows. 

Range from simplified one-dimensional models to fully three-dimensional models. 

Yoshida and Dittrich presented a 1D steady-state flow simulation model with 

evaluating the roughness parameters due to the surface roughness of the main channel 

and floodplains, riparian forests on the floodplains. Vegetation is regarded as 

dispersive obstacles represented by form drag, and it is expected to apply to 

description of fluvial process in a stream with vegetation (Tsujimoto 1999). Nadaoka 

and Yagi developed large eddy simulation (LES) models to simulate the 

hydrodynamic behavior of turbulent flow in open channels with domains of 

vegetation. David and Horritt used TELEMAC-2D to simulate a flood event of the 

River Severn, UK. Vionnet et al. calculated the values of the flow resistance and eddy 

viscosity coefficients in channel and floodplain areas using a 1D model based on the 

lateral distribution method and incorporated the results into a 2D numerical model.  
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Wu and López proposed a depth-averaged two-dimensional k–e model for computing 

the flow and sediment transport in vegetated open channels based on the finite 

volume method. (Shimizu and Tsujimoto (1994); Darby (1999); Lopez and Garcia 

(2001); Neary (2003); see review by Simon et al. (2004)). These latter models can 

accurately resolve local flow and turbulence phenomena due to the presence of 

vegetation. To address fluvial processes at larger time and length scales, Tsujimoto 

(1998) and Van de Wiel and Darby (2004) developed depth averaged two-

dimensional (2-D) models of flow and sediment transport in straight and meandering 

tree-lined channels under steady flow conditions. 

There are many kinds of study conducted to find out hydraulic characteristics and 

morphological change of vegetated area using numerical modeling. However 

ambiguous aspects remained in numerical modeling. In conventional method, the 

numerical modeling consider just spatially averaged drag due to vegetation. it is 

comparatively well described the flow behavior, but lack of bed roughness resistance 

law in vegetated area must bring inaccurate description of fluvial processes. 

Inaccurate description of fluvial process in depth average scheme has been discussed: 

how the bed roughness boundary layer developed near the bed in vegetated area, how 

the transverse mixing occurred with vegetation, how the bed load transport rate 

changed in vegetated area, how the suspended sediment concentration profile 

distributed in vegetated area and secondary flow in vegetation.  

Chapter 3 provides detailed description on numerical model which was developed 

to analyze flow and sediment transport with vegetation. 

 

3.2 Conventional method 

3.2.1 Outline of Numerical analysis method  

In this study, a 2-Dimensional numerical model made by Nagoya hydraulics 

(hereafter, NHSED2D), which is able to simulate flow fields-vegetation-bed variation 

interaction directly, is used to investigate fluvial process and mechanics of sediment 

transport in vegetated area. 

The NHSED2D model is basically based on the model developed by Goto et al., 

(2002). The NHSED2D model is consist of two main part, the flow model and bed 

variation model. In the numerical analysis, at first the velocity components and water 

depth are computed over an initial bed configuration. and next time step are 

calculated using the QUICK scheme until it converges. Then the sediment transport 

and result of bed variation are calculated with the flow field. After the bed 
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configuration is renewed, the flow field is calculated again on the renewed bed 

configuration. These procedures are repeated to obtain successive bed deformation in 

the vegetation area. The numerical model is modified in depth- averaged simulation 

scheme for get the accuracy of calculation of deposition profile. 

It includes the following features: 

 

1) Boundary-fitted non-orthogonal grids 

- Easily and effectively applicable to practical problems with complicated boundaries 

in rivers 

2) To prevent numerical oscillation due to collocated grid arrangement, the idea 

according to (Chow and Rhie,1982) to interpolate the flux of mass at the cell surface 

is used. 

3) The fractional step method to solve the Poisson equation of water surface elevation 

is employed in order to obtain the stable and accurate flow field (Ferziger and Peric, 

1996). 

- Relatively stable and cost-effective compared to simple time developing scheme 

4) Finite volume method for discretization of the governing equations 

- Easily understandable for engineers 

5) Semi-coupling of surface and subsurface flow 

6) Unsteady inlet discharge is available 

 

In the present short report, the solving technique in the NHSED2D model is 

explained briefly.  

 

3.2.2 Flow model 
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Equation (3.1)-(3.2) is the momentum equations and Equation (3.3) is the 

continuity equation. where t is time, x and y are Cartesian coordinate system, U,V are 
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the depth-averaged velocity components in x and y direction, respectively. h is the 

water depth, g is the gravitational acceleration, ρ is the density of water. τbx, τby are the 

bed shear stress in x and y direction as following Equation (3.4)-(3.5). where Cf is the 

resistance coefficient of bed-surface. 

 

2 2

bx fC U U V    (3.4) 

2 2

by fC V U V    (3.5) 

 

Dx, Dy are the turbulent diffusion term of momentum in x and y direction. The 

momentum fluxes due to horizontal turbulent diffusion are modeled with using eddy 

viscosity νT as following Equation (3.6)-(3.8). 

 

   
x t t

hU hU
D

x x y y
 
     

    
      

 (3.6) 

   
y t t

hV hV
D

x x y y
 
     

    
      

 (3.7) 

*T u h   (3.8) 

 

Fx, Fy are the spatially averaged drag due to vegetation per unit horizontal area in x 

and y direction. 

 

 2 2 2 21 1

2 2
x d y d

l l
F C U U V F C V U V h l

h h
          (3.9) 

 2 2 2 21 1

2 2
x d y dF C U U V F C V U V h l            (3.10) 

 

where CD is the drag coefficient by vegetation, and λ(= N0 * D) is projected area of 

vegetation to flow on a unit horizontal area, l is the vegetation height, N0 is the 

number of vegetation unit per unit horizontal area, D is the diameter of vegetation 

stem. Equation (3.11) is employed as the resistance law by using the equivalent sand 

roughness ks that varies according to the exposure height of sand. 

 

*

1 1 11.0*

f s

U h
ln

u C k
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Where U denotes the depth-average velocity and u* denotes bed shear velocity. 

When the water depth is less than critical value that is comparable to sediment 

diameter at the riverbed in the surface flow region, the following governing equations 

for subsurface flow are solved instead of that for surface flow. 

 

 div grad 0subC
t





 


 (3.12) 

 

 sub

sub

e

K z
C

n

 
  (3.13) 

 

where K = permeability of subsurface layer; zsub=elevation of the bottom of 

subsurface layer; and ne=porosity of subsurface layer. 

 

3.2.3 Sediment and bed variation model 

Sediment transport and bed variation model based on the above mentioned depth-

averaged flow model. Morphological computation involves a combination of flow 

fields, sediment transports, and bed elevation associated with vegetation area. After 

resolving the flow fields, the sediment transport fields are computed from the 

expression of bed load and suspended load. Finally, the change in the bed topography 

due to total load are determined. Bed-load transport is related to the bed shear stress 

or the shear velocity. The time variation of the bed elevation can be described by the 

following sediment continuity equation. 

 

 
1

0
1

bybx
qqz

t x y

 
   

    
 (3.14) 

 

The bedload in depth-averaged velocity direction qb can be calculated by the 

following (Ashida and Michiue, 1972) formula. 

 

 

3/2 * *
* *

3
* *

17 1 1
/ 1

b c c
b

q
q

gd

 


  

  
      

   

 (3.15) 

 

where qb* is the dimensionless bedload transport rate; qb is the bedload transport 

rate(substantial volume per unit width per unit time) σ, ρ is the mass densities of 
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sediment and fluid, respectively; d is the sand diameter, τ* is the dimensionless bed 

shear stress(Shields number), τ*c is the dimensionless critical tractive force. 

 

 

2

*
*

/ 1

u

gd


 



 (3.16) 

 

In the horizontally 2D scheme, the transport rate is divided into the longitudinal 

and transverse directions according to the direction of bed-load motion and the 

transverse bed slope as follows. 

 

bx b by bq q cos q q sin    (3.17) 

 

υ is the angle of bedload movement. The effect of transverse bed slope on the 

sediment transport is taken into account following (Nakagawa and Murakami, 1986). 

The angle of bedload movement υ is expressed by the following equation. 

 

*

*

1 c b
L

d f n

z
tan




  


 


 (3.18) 

 

where ϕL is the effect of transverse slope, μd, μf is dynamic and static friction 

coefficients of sand, n is the axis perpendicular to the main-flow. After calculating 

bed variation, the bed slope angles tan
-1

 (∂z/∂x) and tan
-1

 (∂z/∂y) between adjacent 

grids on the bed are compared with the angle of repose ϕ. In the case that the bed 

slope angle is greater than the angle of repose ϕ, the bed is assumed to collapse with 

the angle ϕ. 

A large number of investigations have tried to find a single equation to describe the 

total transport, even if several authors believe that this is basically impossible, since 

movement in suspension follows principles which are entirely different from those 

which govern bedload transport (Einstein 1950; Hu and Guo 2010). Several authors 

affirm (Nikora and Goring 2002) that there are too many theories and a few 

experimental validation on suspended load. Nowadays, with better methods of 

investigation, especially images analysis (ADV or PIV), several new empirical 

approaches on suspended load are led. The most common method to approach the 

suspended sediment transport is based on the integration of the advection/diffusion 

equation of suspended load in steady uniform flow conditions (Fang and Wang 2000; 
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Lane and Kalinske 1941; Rouse 1937; Van Rijn 2007). 

The spatial distribution of depth-averaged concentration is described by the 

flowing equation. 

 

th th

hC C C
hCU h hCV h

t x x y y
  

      
       

       
 (3.19) 

 

Where  =difference between deposition and entrainment from the bed to be 

expressed by (CBe-CB)w0 and it represents the bed deformation; and the horizontal 

diffusion coefficient of suspended sediment is assumed to be βvth. 

Entrainment of suspended sediment at bottom  is described by the flowing 

equation. 

 

  0be bC C w                       When bed is covered by sand (3.20) 

 

   

 

0 0

0 0

be b be b

be b

C C w C C
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    When bed is not covered by sand (3.21) 

 

Where, Cb=bottom concentration, Cbe=bottom concentration under equilibrium, 

and wo=settling velocity of sand. 

Settling velocity of sand is described by Rubey‟s equation. It is balance of drag and 

submerged weight.  
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2 36 36
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 (3.22) 

 

  3 2

* / 1 /d gd     (3.23) 

 

Drag coefficient for natural sand, as Equation (3.24) 
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24
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w d
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The value given for Turbulent diffusion coefficient of suspended sediment, as 

follows: 

 

s T   (3.25) 

 

1/β=turbulent Schmidt number, νT=Kinematic eddy viscosity 

 

2

0

*

1 1.54s

T

w

u






 
    

 
 (3.26) 

 

Equation (3.26) compared between diffusion theory and stochastic approach by 

Tsujimoto 1986.  

The equilibrium suspended sediment concentration distributes along the depth in 

the area without vegetation and the profile c(z) is written as follows (Lane & Kalinske 

1941) by substituting Equation (3.27). 

 

0
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 (3.27) 

 

Then, the depth averaged suspended sediment concentration C is written by 

 

0 0

* *

6 6
1 exp
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 (3.28) 

 

The equilibrium bottom concentration, Cbe, is related to the shear velocity. 

 

2 3

**
1

0 *

1

As As
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 (3.29) 

 

Where, As1=0.002, As2=2, As3=1.5 

 

3.2.4 Numerical grid and basic of discretization of governing equations 

In the NHSED2D model, the boundary fitted non-orthogonal gird system (Ferziger 

and Peirc, 1997) is employed. The example of the grid arrangement is shown in Fig. 
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3.1. As shown in Fig. 3.1, shape of each cell is quadrilateral and all of the quantities 

in a cell are represented by the quantities at the geometrical center of the cell 

(collocated grid, Ferziger and Peirc, 1997). Each cell is surrounded by four cells that 

are represented as E, W, N, S, respectively. The cell surface values are expressed as e, 

w, n, s, respectively. 

 

 

Fig. 3.1 Grid system 

 

The FVM (Finite Volume Method, Ferziger and Peirc, 1997) is employed to 

discretize the governing equations in the NHSED2D model. All of the governing 

equations are integrated within a cell that has area A . We basically use the 

following approximation for discretizing each term. 

 

d PA A    (3.30) 

 

   div d dc c c c cA S S    V V n V n  (3.31) 
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where ϕ=physical quantity(scalar); V=physical quantity(vector); nc=unit vector 

normal to cell surface; S=cell surface length; and subscript P and C represent the cell 

center value and cell surface value, respectively. 

 

3.2.5 Fractional step method 

How to couple the momentum equations with the continuity equation is the key 

technique when one solves the flow field stably and accurately. The fractional step 

method (Ferziger and Peirc, 1997) with solving Poisson equation on water-surface 

elevation is introduced here. 

The integrated momentum equation for x-direction within a cell is as follows: 
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1
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f fD D
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Equation (3.32) is discritized with finite time step t  as follows: 

 

 * 1 1 1 1n n n n

xP xP xP xP xPq q t      C D F  (3.37) 

* 1

n

n n

xP xP P

P

q q tgh
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 (3.38) 

 

where superscript n represents time-step and superscript means interim value. The 

momentum equation for y-direction is discretized with the same manner. 

 

 * 1 1 1 1n n n n
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n
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 (3.40) 

 

After Equations (3.38) and (3.40) are inserted into Equation (3.3), the following 

Poisson equation is derived. 

 

 * 1div div grad 0n n

P P P

P

tgh
t




   


q  (3.41) 

 

After integrating the above equation within a cell and discretized with finite time 

step t , the following is derived. 

 

 1 0n n

P P P P

A

t
  

   


Q R  (3.42) 

 * *div dP P c c c

c

A S  Q q q n  (3.43) 

   1 1div grad d gradn n n n

P P P c c c c

c

tgh A tgh S      R n  (3.44) 

 

The term n

c cgrad n   is approximated as follows (see Fig. 3.2): For the east side 

cell surface; 

 

grad
n n

n E P
e e

PE e

 



 


n

d n
 (3.45) 

 

where dPE=vector of point P to E. 

 

 

 

Fig. 3.2 Approximation of gradient of water-surface elevation 
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Considering the above approximation, the following algebraic equation can be 

derived finally: 
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For each time step, firstly Equations (3.37) and (3.39) are solved, then Equation (3.46) 

is solve using calculated q* to get water-surface elevation. Finally, Equations (3.38) 

and (3.40) are solved. This procedure will be repeated until converged solution 

appears. When the water depth is less than critical value, qx and qy are simply set as 

zero and the following discretized equation for subsurface flow is solved instead of 

Equation (3.46). 
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3.2.6 Interpolation technique 

The cell surface value of each physical quantity ϕ is approximated as the following 

set of equations (see Fig. 3.3): For east side cell surface; 

 

' ' 'grade e e ee    d  (3.48) 

 ' 1e P Ef f      (3.49) 

 'grad 1 grad grade P Ef f      (3.50) 

Pe

Pe eE

f 


d

d d
 (3.51) 

 

where dee’, dPe , deE =vector of point e to e’, P to e, e to E, respectively. 

 

 

 

Fig. 3.3 Interpolation of cell surface value 

 

We assume that the gradient of ϕ at cell center can be approximated as follows (see 

Fig. 3.4): 
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Fig. 3.4 Approximation of gradient 

 

The above interpolation technique is applied to all of the quantities except the 

convection term C in the momentum equations.  

To prevent the numerical oscillation and unstableness, the following equation is 

employed to interpolate the cell surface value (see Fig. 3.5): For east side cell surface; 
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The idea of Equation (3.54) comes from Rhie and Chow (1983), which can prevent 

the numerical oscillation due to collocated grid arrangement. The method to  

interpolate in Equation (3.55) is equivalent to QUICK method (Ferziger and Peirc, 

1997). 
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Fig. 3.5 Upwind scheme 

 

3.3 Discussion of flow and sediment transport with 

vegetation 

Spatial variation of flow discharge is related to flood and water resources 

management. Especially various landscape created by fluvial process is related to 

river ecosystem. In rivers flow is mainly governed by river morphology and it drives 

sediment transport.  

 

 

 

Fig. 3.6 Interrelating system in river 

 

When we are interested in ecosystem, various morphology provides place of 

vegetation invasion and growth and they provides habitat to various organisms. As 

mentioned above, the interaction among flow, sediment transport, river morphology 

and vegetation (see Fig. 3.6) is essential characteristics of a river and its management 

is a key in river management aiming flood mitigation, water resource utilization and 

ecosystem conservation.  

In Fig. 3.6 is mechanics of sediment transport and represented by sediment 

P E
e

dPe

P E
e

dPe
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transport formula; 2 is represented by continuity equation of sediment; and 3 is 

boundary condition of flow. They were previously investigated as fluvial system 

without vegetation. If we take vegetation into account, invasion or growing condition 

in riparian are 4, resistance of vegetation (form drag in particular) 5; and destruction 

or deformation of vegetation by flood flow 6 should be properly investigated 

(Tsujimoto, 1999). 

In general, the horizontal scales in river flow are more dominated than the vertical 

scale, 2D depth-averaged analysis is effective for understanding processes in a river, 

and recently 2D depth-averaged numerical analysis becomes popular and it provides 

much information in river management. 

The conventional model give the solutions on spatial variations of depth h, flow 

direction and depth averaged velocity (U,V). Then by applying the resistance law, We 

can evaluate shear velocity(u*), diffusivity, transverse mixing and we can discuss the 

bed load and suspended sediment transport according to fluvial process, however, 

improper treatments for flow in vegetated area often brings inaccurate conclusion of 

the analysis because in conventional method, the 2D depth-averaged analysis 

consider just spatially averaged drag due to vegetation. It is comparatively well 

described the flow behavior, but lack of bed roughness resistance law in vegetated 

area must bring inaccurate description of fluvial processes. In this study, fist we 

proposed concept of the bed roughness boundary layer in vegetated area. The 

proposed concept will a little affect on spatial variations of depth h, flow direction 

and depth averaged velocity(U, V). However, It has a significant impact on shear 

velocity(u*). In the newly developed numerical model, the shear velocity to govern 

sediment transport is evaluated by using bed roughness boundary layer concept 

proposal with vegetated area and the newly calculated shear velocity(u*) will 

significant affect several issues (such as velocity distribution and bed shear stress in 

flow with vegetation, transverse mixing of flow with vegetation, bed load sediment 

transport in vegetated area, suspended sediment concentration profile in vegetated 

area, secondary flow in vegetation) along the scheme of 2D depth-averaged analysis. 

The several issues are focused on and the proposed concept will affect other many 

kinds aspects in fluvial processes (as shown in Fig 3.7), which will be clarified 

successively. 

Reasonable alternatives are proposed by chapter 3-6 and it will be discused.  
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Fig. 3.7 Improvement of analysis about flow and sediment transport in vegetated area 

 

 

3.4 Concluding Remarks 

To analyze hydrodynamic and sediment transport in vegetated area, 2D depth-

averaged model was newly developed. The developed numerical model can be 

described as follow. 

 

1. The numerical scheme adopted suspended sediment equations for analysis of 

suspended sediment, based on existing numerical model (NHSED2D; Goto et 

al., (2002)).  

2. 2-Dimensional numerical model, which is able to simulate flow fields-

vegetation-bed variation interaction directly, is used to investigate fluvial 

process and mechanics of sediment transport in vegetated area. 

3. Applications of 2D depth-averaged analysis have become very familiar and it 

provides much information in river management, however, improper 

treatments for flow in vegetated area often brings inaccurate conclusion of the 

analysis because in conventional method, the 2D depth-averaged analysis 

consider just spatially averaged drag due to vegetation. It is comparatively 

well described the flow behavior, but lack of bed roughness resistance law in 
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vegetated area must bring inaccurate description of fluvial processes. 

4. In the newly developed numerical model, the shear velocity to govern 

sediment transport is evaluated by using bed roughness boundary layer 

concept proposal with vegetated area and the newly calculated shear 

velocity(u*) will significant affect several issues along the scheme of 2D 

depth-averaged analysis. It will affect other aspects in fluvial processes, 

which will be clarified successively. 
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CHAPTER 4 

 

CONCEPT OF BED ROUGHNESS BOUNDARY LAYER IN 

VEGETATED AREA 

 

4.1 General 

Recently 2D depth averaged analysis is familiar even in a stream with vegetation 

by taking account of form drag due to vegetation (Shimizu and Tsujimoto, 1994; 

Lopez and Garcia, 1998; Tsujimoto and kitamura, 1998; Neary 2000). Because the 

resistance law due to bed roughness is not reasonably modified in vegetated area, it is 

comparatively well described the flow behavior, but lack of bed roughness resistance 

law in vegetated area must bring inaccurate description of fluvial processes. Better 

understanding flow processes provided by vegetation in the stream requires detailed 

flow structure. The drag coefficient is the key in determining the drag related with 

vegetation and also to understand the vertical distribution of the velocity. Many 

researches about the drag related with various vegetation configurations were carried 

out and focus on determining drag coefficients and empicial formulas (Li and Shen, 

1973; Nepf, 1999; Stone and Shen, 2002; Garcia et al., 2004). Other researchers 

attempt to describe physical processes using velocity and turbulence intensity profiles 

with (Tsujimoto et al., 1992; Ikeda and Kanazawa, 1996; Nepf, 1999; Liu et al., 2008). 

While it is important to develop many kinds of solution to vegetation resistance, it is 

also important to understand the detailed characteristics of the flow through 

vegetation. The aim of the proposed chapter is describe detailed characteristics of 

flow unsubmerged vegetation.  

In this chapter, bed roughness boundary layer is focused on, and its thickness, 

velocity distribution in that layer and then the resistance law due to bed roughness in 

vegetated area are investigated. 
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4.2. Concept and formulation of Boundary layer thickness 

In depth averaged model, the resistance law to relate the depth averaged velocity 

(U) to the shear velocity (u*) for uniform flow is introduced. If the logarithmic law is 

applied as velocity profile u(z), Keulegan‟s equation obtained by integration the 

velocity profile along the depth is employed. 
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where z=vertical distance from the bed; κ=Karman‟s constant; h=depth; 

ks=equivalent sand roughness, Bs(Re*)=function of roughness Reynolds number 

Re*=u*ks/ν; h=depth; and ν=kinematic viscosity. In vegetated area, form drag is 

predominant and velocity profile is uniform (Uv) along the depth only except the thin 

layer near the bed where the boundary layer is developed to bring a shear flow (see 

Fig. 4.1), and such a boundary layer is considerably thin in general. In Fig. 4.1, the 

roughness boundary layer thickness is suggested by θv. 

 

 

Fig. 4.1 Vertical distribution of velocity in vegetated area 
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The characteristic velocity in vegetated area called Uv is expressed as follow

s. 
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where g=gravitational acceleration; Ie=energy gradient of flow, D=diameter; 

λ=number density of piles; and CD=drag coefficient. In the conventional depth-

averaged analysis for flow with vegetation, the form drag for vegetation is introduced 

in addition to the bed friction in the vegetated area, but the resistance law due to bed 

roughness is treated by employing the same equation with that in non-vegetated area 

(Equation 4.1b). However, depending on the velocity profile as shown in Fig. 4.1, a 

proper resistance law should be applied in vegetated area. As mentioned later, though 

the resistance law is not necessarily sensitive for calculation of depth and depth-

averaged flow, it brings underestimation of the shear velocity and subsequently 

sediment transport rate, and it may not bring a reasonable analysis of sediment 

transport and subsequent fluvial process. In this chapter, we discuss the bed 

roughness boundary layer in flow with non-submerged vegetation and deduce a 

reasonable relation between U and u* in vegetated area to proceed the analysis of 

sediment transport. 

 

4.2.1 Experiment data of Liu 

The experiments were conducted at the laboratory flume with vegetation simulated 

by acrylic dowels. The flume was 4.3m long by 0.3m wide and kept at a constant 

slope of 0.003. The acrylic dowels were 76mm tall and diameter is 6.35mm. They 

were attached to a 13mm thick sheet of smooth Plexiglas bolted to the bottom of the 

flume. The flow became fully developed from the start of the dowels section. The 

simulated vegetation area was 3.0m long by 0.3m wide and it placed 1.3m from the 

entrance of the flume. The dowels were arranged either in staggered or linear pattern 

under emergent conditions as shown Fig. 4.1. Velocity measurements were taken at 

six locations using rotating the scope of the LDV 90˚. Velocity readings were taken at 

14-18 measurement points along the vertical direction at each location. We specify 

the most of steady flow. As you can see, In case of Exp1.1, Exp1.3 and Exp 2.1, data 

of location 5 was used. In case of Exp1.2, data of location 4 was used.  
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Fig. 4.2 Measurement location for Exp1.1, Exp1.2, Exp1.3 and Exp2.1 

 

For each case dowel‟s diameter is same but density of vegetation is different. In 

case of Exp2.1, The value of vegetation density is largest. The detailed conditions for 

each experiment are summarized in Table 4.1 

 

Table 4.1 Detail of each experimental condition 

 λ D(mm) Submergence 

condition 

Flow Rate 

(m
3
/s) 

Exp 1.1 0.000193 6.35 Emergent 0.0057 

Exp 1.2 0.000387 6.35 Emergent 0.0057 

Exp 1.3 0.000096 6.35 Emergent 0.0057 

Exp 1.4 0.000496 6.35 Emergent 0.0044 

 



Chapter 4. Concept of bed roughness boundary layer in vegetated area 

 

６７ 

 

4.2.2 Interaction formula 

Fig. 4.3 shows elaborate measurement of vertical distribution in flow with non-

submerged vegetation conducted by Liu et al (2008), where a group of piles arranged 

pattern was utilized as non-submerged vegetation.  

 

 

Fig. 4.3 Velocity profile in vegetated area measured by Liu et al 

 

To find the vertical velocity of each point and bed roughness boundary layer 

thickness, The data has been read using digitizer. Detail of the vertical velocity each 

point and bed roughness boundary layer thickness shows Table 4.2. The thickness of 

bed roughness boundary layer(θv) was found (see Exp1.1(θv =6.98mm), Exp 1.2(θv 

=4.55mm), Exp 1.3(θv =9.35mm) and Exp 2.1(θv =2.42mm) in Fig. 4.2), and the local 

velocity in the boundary layer were obtained. 

The bed roughness boundary layer thickness θv is subjected to the characteristics of 

vegetation, and dimensional analysis suggests the relation between θv /h and λDh. The 

data obtained the measurements by Liu et al. are plotted in Fig. 4.4. By considering 

that θv may decrease with the vegetation density while it tends to the flow depth with 
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sufficiently disperse density, the following relation is proposed as a favorable 

formula(Equation 4.3) to estimate the bed roughness boundary layer thickness. 

 

Table 4.2 Vertical velocity of each point and bed roughness boundary layer thickness 

Exp1.1 Exp 1.2 Exp 1.3 Exp 2.1 

Location 6 Location 4 Location 5 Location 5 

u(m/s) z(mm) u(m/s) z(mm) u(m/s) z(mm) u(m/s) z(mm) 

0.297 2.51 0.258 1.19 0.287 0.29 0.214 0.19 

0.310 4.75 0.269 2.23 0.313 1.21 0.214 0.19 

0.310 6.98 0.271 3.57 0.323 2.51 0.229 1.50 

0.308 9.21 0.279 4.55 0.339 3.30 0.229 1.50 

0.308 13.98 0.278 6.85 0.346 4.60 0.247 2.42 

0.313 18.82 0.278 9.08 0.356 6.93 0.257 6.96 

0.305 23.21 0.276 14.15 0.360 9.35 0.257 6.96 

0.310 27.90 0.274 18.47 0.367 13.94 0.255 9.30 

0.313 32.44 0.278 22.94 0.365 18.60 0.254 16.31 

0.320 37.13 0.274 27.85 0.364 23.01 0.256 20.86 

0.335 41.75 0.271 32.62 0.376 27.94 0.256 34.75 

0.341 46.45 0.274 37.09 0.383 32.22 0.254 43.97 

0.346 51.06 0.277 41.86 0.396 41.56 0.254 43.97 

  0.278 46.48   0.263 48.65 

  0.284 50.94   0.275 53.32 

  0.290 55.86   0.287 55.41 

  0.290 60.33   0.295 57.75 

 

 

Fig. 4.4 Relation between θv/h and λDh 
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4.2.3 Friction velocity in the vegetation 

After decided the boundary layer thickness, Exp 1.1 have just one vertical velocity 

data below boundary layer thickness. In this case, First we assume that friction 

velocity in the vegetation from 0.01 to 0.03. After we calculated each value using 

Equation 4.4 

 

 (4.4) 

 

Table 4.3 represents calculation value of friction velocity using Equation 4.4. Fig. 

4.5 also depicts calculation value of friction velocity. Black line indicate that 

calculation value of left equation and red line indicate that calculation value of right 

equation. Intersection point of two graphs are represents the friction velocity in the 

vegetation. 

 

 

Fig. 4.5 Friction velocity (In case of Exp 1.1) 
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Table 4.3 Friction velocity (In case of Exp 1.1) 

Exp1.1 

   

0.010 33.0 10.35 

0.011 30.0 10.59 

0.012 27.5 10.80 

0.013 25.4 11.00 

0.014 23.6 11.19 

0.015 22.0 11.36 

0.016 20.6 11.52 

0.017 19.4 11.67 

0.018 18.3 11.82 

0.019 17.4 11.95 

0.020 16.5 12.08 

0.021 15.7 12.20 

0.022 15.0 12.32 

0.023 14.3 12.43 

0.024 13.8 12.54 

0.025 13.2 12.64 

0.026 12.7 12.74 

0.027 12.2 12.83 

0.028 11.8 12.92 

0.029 11.4 13.01 

0.030 11.0 13.09 

 

Exp 1.2, 1.3, 2.1 have two or more vertical velocity data below boundary layer 

thickness. In this case, first we read the z, u, uv, θv from the experiment data. Second 

we calculated z/ θv. After then, Equation 4.4 change to approximate equation of 

exponential function. It can be expressed Equation 4.5. 

 

 (4.5) 

 

Assuming that Equation 4.4 is equal to Equation 4.5, we can get Equation 4.6 

 

 (4.6) 
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Position from the bottom surface(z) and vertical velocity on that point(u) under the 

boundary layer thickness shows a semi-log graph in Fig. 4.6. The approximate 

equation can be calculated, and obtained value of the slope b. Finally, the friction 

velocity using Equation 4.6 can be determined. 

 

 

Fig. 4.6 Semi-log graph (In case of Exp 1.2, Exp 1.3, Exp 1.4) 

 

4.2.4 Velocity Distribution in bed roughness boundary layer in vegetated area  

Velocity distribution in bed roughness boundary layer in the vegetated area is 

investigated, and logarithmic law is expected to be applied, which is written as 

Equation 4.1a. Though the number of the data is small for each run, the shear velocity 

in the vegetated area, u*, is evaluated by fitting the logarithmic law for each run, then 

the data of the all runs are plotted and depicted in the defect law expression in Fig. 

4.7 and Table 4.4. Defect law expression is written as follows. 
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Table 4.4 Defect law expression of velocity distribution in bed roughness boundary 

layer 

 θv(mm) z(mm) z/ θv. Slope b u*v uv u (u*v –u)/u*v 

Exp1.3 9.35 0.5 0.053 21.0 0.019 0.29 0.15 7.33 

 9.35 1.0 0.107 21.0 0.019 0.29 0.18 5.76 

 9.35 2.2 0.235 21.0 0.019 0.29 0.23 3.40 

 9.35 3.6 0.385 21.0 0.019 0.29 0.24 2.62 

 9.35 4.8 0.513 21.0 0.019 0.29 0.25 1.89 

 9.35 7.2 0.770 21.0 0.019 0.29 0.28 0.52 

Exp2.1 2.42 0.7 0.289 16.3 0.024 0.25 0.18 2.82 

 2.42 1.2 0.496 16.3 0.024 0.25 0.21 1.47 

Exp1.2 4.55 2.0 0.440 15.9 0.022 0.29 0.25 1.80 

 4.55 2.4 0.527 15.9 0.022 0.29 0.26 1.39 

 4.55 3.2 0.703 15.9 0.022 0.29 0.28 0.46 

Exp1.1 6.98 3.2 0.458 14.3 0.026 0.33 0.29 1.54 

 

According to this figure, it is recognized that velocity profile follows the 

logarithmic law though the number of the measured data for each run is very few. We 

can estimate velocity profile in the bed roughness layer thickness through this figure. 

 

 

Fig. 4.7 Defect law expression of velocity distribution in bed roughness boundary 

layer 
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4.2.5 Resistance law in vegetated area 

4.2.5.1 Velocity distribution and kinematic eddy viscosity in bed roughness 

boundary layer in vegetated area 

Flow without vegetation can be described by the logarithmic law, and the vertical 

distribution of velocity u(z) and the frictional resistance law known as “Keulegan‟s 

equation” is written as Equation 4.1a, b. While, the vertical distribution of velocity of 

flow in the area with non-submerged vegetation is written as follows according to the 

recent study by (Jeon et al. 2014).  
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where vegetation is represented by a group of piles D=diameter of a 

pile; λ=number density of piles; θv=bed roughness boundary layer thickness; 

g=gravitational acceleration; Ie=energy gradient, and CD=drag coefficient. θv is 

related to the vegetation characteristics, and Jeon et al formulates according to the 

measured data by (Liu et al. 2008) in the Equation 4.3.  

And, subsequently the following frictional resistance law is proposed (Jeon et al. 

2014): 
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Applying this law can bring a reasonable evaluation of the shear velocity in the 

vegetated area and subsequently bed load sediment transport in the vegetated area. 

Based on the above velocity distributions, the kinematic eddy viscosity is discussed. 

For flow without vegetation, it distributes along the depth and its depth-averaged 

value νt is as follows: 

 

hut *
6


   (4.10) 

 

In the vegetated area, the turbulence diffusivity exists only in the bed roughness 

boundary layer, and the kinematic eddy viscosity will be formulated as follows:  
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The apparent depth-averaged value of the kinematic eddy viscosity is written as 

follows: 
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Fig. 4.8 shows the conceptual sketch of velocity distribution and kinematic eddy 

viscosity in non vegetated zone and vegetated zone. As we know from the Fig. 4.8, 

velocity distribution and kinematic eddy viscosity is a little different in the vegetated 

zone. The kinematic eddy viscosity is distributed throughout the depth in case of non 

vegetated zone but it is existed only within the bed roughness layer in case of 

vegetated zone. 

Nevertheless, ordinary Equation 4.10 is applied even in the vegetation zone. In this 

chapter, the numerical simulation model was added on new Equation 4.12 in the 

vegetation zone for better accuracy velocity distribution and kinematic eddy viscosity. 

 

 

  

Non vegetated zone Vegetated zone 

 

Fig. 4.8 Conceptual sketch of velocity distribution and kinematic eddy viscosity in 

the non vegetated zone and vegetated zone 

 

4.2.5.2 Lateral mixing of momentum and lateral distribution of depth 

averaged velocity 

The governing equations of flow in depth-averaged 2D scheme are written as 
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Equation (3.1~3.5). There are some programs based on the above governing 

equations, but in conventional approaches, the friction resistance law for flow without 

vegetation is applied even in the vegetated area though the form drag is taken into 

account for the vegetated area. The authors have derived a reasonable equation of 

frictional resistance law based on the concept of bed roughness boundary layer in the 

area with non-submerged vegetation. Applying this law can bring a reasonable 

evaluation of the shear velocity in the vegetated area and subsequently equilibrium 

bottom concentration of suspended sediment (entrainment rate is CBew0). 

In lateral mixing, the horizontal diffusion written in Equation 4.13 is subjected to 

the eddy kinematic viscosity. Conventionally, the vertical diffusion coefficient νt 

which is related to the vertical velocity distribution is applied by simply multiplying a 

constant even in horizontal mixing as νth, and furthermore, the value given for flow 

on the area without vegetation, as follows: 

 

huth *   (4.13) 

 

where α is empirically determined in the range 0.1~0.5. 

Depth-averaged kinematic eddy viscosity is modified as expressed by Equation 

4.12, and thus the following equation is reasonably employed for flow with 

vegetation instead of Equation 4.13. 

 

hu vth /
2

*   (4.14) 

 

4.3 Discussion on resistance law in vegetated area 

In conventional method, in order to obtain the resistance law to be applied to the 

non vegetated area and vegetated area, velocity distribution is integrated from the 

bottom to the free surface. It is comparatively well described the flow behavior but 

lack of bed roughness resistance law in vegetated area must bring inaccurate 

description of fluvial processes. The authors have derived a reasonable equation of 

frictional resistance law based on the concept of bed roughness boundary layer in the 

area with non-submerged vegetation. Applying this law can bring a reasonable 

evaluation of the shear velocity in the vegetated area. it is applied to bed load 
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transport rate, entrainment flux of suspended sediment and so on for more accurate 

evaluation as shown in figure. 

 

 

 

Fig. 4.9 Discussion on resistance law and its application in vegetated area 

 

4.4 Concluding Remarks 

Recently, 2D horizontal depth averaged flow model becomes familiar to be 

recognized as powerful means of stream with vegetation by adding the form drag of 

vegetation. Though it is expected to apply fluvial process of streams with vegetation, 

the shear stress may be underestimated and fluvial process may not be properly 

described. In this chapter, we focused on the bed roughness boundary layer in the 

vegetated area(non-submerged vegetation) to deduce the resistance law in the 

vegetated area. Based on the concept of bed roughness boundary layer, fluvial process 

with full vegetation can be discussed as below: 

 

1. The bed roughness boundary layer is focused on, and its thickness, velocity 

distribution in that layer and then the resistance law due to bed roughness in 

vegetated area are investigated. 

2. The bed roughness boundary layer thickness θv is subjected to the 

characteristics of vegetation, and dimensional analysis suggests the relation 

between θv /h and λDh. The data obtained the measurements by Liu et al. 

3. Velocity distribution in bed roughness boundary layer in the vegetated area is 
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investigated, and logarithmic law is expected to be applied. Though the 

number of the data is small for each run, the shear velocity in the vegetated 

area, u*, is evaluated by fitting the logarithmic law for each run, then the data 

of the all runs are plotted and depicted in the defect law expression. The 

velocity profile follows the logarithmic law though the number of the 

measured data for each run is very few. 

4. In conventional method, in order to obtain the resistance law to be applied to 

the non vegetated area and vegetated area. It is comparatively well described 

the flow behavior but lack of bed roughness resistance law in vegetated area 

must bring inaccurate description of fluvial processes. The authors have 

derived a reasonable equation of frictional resistance law based on the 

concept of bed roughness boundary layer in the area with non-submerged 

vegetation. Applying this law can bring a reasonable evaluation of the shear 

velocity in the vegetated area. it is applied to bed load transport rate, 

entrainment flux of suspended sediment and so on for more accurate 

evaluation. 
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CHAPTER 5 

 

APPLICATION OF BED ROUGHNESS BOUNDARY 

LAYER CONCEPT 

 

5.1 General 

When the value of the friction velocity just exceeds the critical value for beginning 

of motion, the sediment will start rolling and sliding in continuous contact with the 

river bed. For increasing values of the bed shear stress the sediment transport is 

inevitably accompanied with sorting of the bed surface. When the value of the bed 

shear velocity exceeds the Sedimentation velocity, the suspended sediment particles 

can be lifted to a level at which the upward turbulent forces will be comparable to or 

higher than the submerged particle weight and as a result of the particle with the bed 

in the suspension mode is occasional and random. The Sediment particle velocity in 

longitudinal direction is almost equal to the fluid velocity. Usually, the behavior of 

suspended sediment particles is described in terms of the sediment concentration, 

which is the solid volume per unit fluid volume or the solid mas per unit fluid volume.  

The most common method to approach the suspended sediment transport is based on 

the integration of the advection/diffusion equation of suspended load in steady 

uniform flow conditions (Lane and Kalinske 1941; Rouse 1937; Van Rijn 2007). 

Some researchers attempts to simulate flow and suspended sediment transport and 

deposition on natural flood plains have been conducted predominantly using two 

dimensional depth averaged models (Nicholas and Walling, 1997; Stewart et al, 1998). 

Also investigations on suspended load through rigid plants are present in bibliography, 

and they are generally base on the integration of the diffusion/advection equations by 

using more or less sophicticated models (Furukawa, Wolanski, and Mueller 1997) and 

often k-ε model(Lopez and Garcia 1998; Nakagawa, Tsujimoto, and Shimizu 1992) 

Such approaches are flexible, rigid, and provide distributed information quantifying 
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depths, velocities, sediment concentrations and sedimentation rates. Such approaches 

have also been extended to more accurate analysis (Tsujimoto et al., 1994). And also 

many kinds of numerical model and equation have been proposed for relating the rate 

of bed load sediment transport to flow characteristics with vegetation. 

However, these models incorporate simplified treatments of flood plain roughness 

and turbulence, and are unable to represent the mechanics of sediment deposition 

fully because, being depth-averaged, they do not resolve the vertical profile of flow or 

sedimentological conditions. 

In this chapter, first, as for flow with non-submerged vegetation, several points 

necessary to be modified are theoretically discussed. In flow with vegetation, taking 

account for drag term due to vegetation is a principal key but it is not necessary 

sufficient by it alone.  

Numerical verification supports the accuracy of both the model predicted bed load 

sediment and suspended sediment transport rate and the model predicted sediment 

yield using concept of bed roughness boundary layer. The capability of the numerical 

model for simulating bed load sediment and suspended sediment transport in 

vegetated area will also tested in this chapter. Finally the improvement of description 

bed load sediment and suspended sediment transport by introducing the concept of 

bed roughness boundary layer is certificated. 

 

5.2 Flow and sediment transport with non submerged 

vegetation in 1D scheme 

From the check along the 2D modeling, the friction resistance law should be 

reasonably considered and the concept of bed roughness boundary layer has been 

proposed and formulated against the vegetation density. Based on this concept, the 

shear flow structure in this layer has been discussed and formulated. It has brought 

the reasonable evaluation of the shear stress and subsequently the kinematic eddy 

viscosity as important parameter for discussion of sediment transport. In addition, 

vertical profile of suspended sediment concentration has been discussed to relate the 

depth-averaged concentration to the bottom concentration of suspended sediment 

which is a key when fluvial process is discussed. When the bed deformation due to 

bed load motion, the direction of bed load motion affected by secondary flow should 

be evaluated. Thus, the primarily mechanism of secondary motion has been 

formulated to estimate its change due to vegetation.  
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In this chapter, formulas to modify parameters necessary for flow with vegetation 

have been analytically derived which are presented as functions of the vegetation 

density. Resultantly we are able to apply the 2D depth-averaged analysis reasonably 

to flow and fluvial process in a stream with various density of vegetation. 

 

5.2.1 Uniform flow in a stream with Non submerged vegetation 

The governing equations of uniform flow under equilibrium in a straight wide 

channel is described as follows. 

 

q Uh  (5.1) 
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where q=discharge in unit width; τb=ρu*
2
=bed shear stress; ρ=mass density of water; 

F=form drag due to vegetation per unit area. Then, the relation between q and h is 

written as follows: 
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When flow with vegetation is treated, cf and cd depending on the vegetation 

parameter. In the previous studies, cd is taken into account depending on the 

vegetation parameter (λDh), but cf is often identified with cf0 (based on Keukegan‟s 

equation for flow without vegetation). h~q relation is significantly degenerated 

depending on the vegetation parameters, where calculated results by employing 

Equation (5.3) with Equation (4.9) and Keulegan‟s equation (cf0) are compared with 

each other. Calculation were conducted under several sets of (Ie, ks): (1/100, 5mm), 

(1/200, 2mm), (1/500, 1mm) and (1/1000, 0.3mm); under the following conditions of 

vegetation (λ, D): (m
-2

, m).  

 

Table 5.1 Condition of vegetation 

 Case1 Case2 Case3 Case4 

 λ*D 0.005 0.02 0.04 Conventional 

method 
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The results demonstrate that the taking account of the form drag is more effective 

in accuracy of the depth (and resultantly of the depth-averaged velocity) against the 

discharge and the application of cf instead of shows a secondary effect.   

In order to evaluate the sediment transport, it is necessary to estimate the shear 

velocity u* as follow: 
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 (5.4) 

 

Fig. 5.1 shows the relation h~q. The black solid line in the figure indicate the 

conventional model, blue solid line indicate the present model (lamda*D=0.005), red 

solid line indicate the present model (lamda*D=0.02) and blue solid line represents 

the present model (lamda*D=0.04), respectively. The results of sensitivity analysis 

shows that if the rate of flow is small, water depth variation was almost same between 

conventional model and present model. However, the rate of flow increases, the water 

depth also increases in the present model. The increase rate of water depth is largest 

in case of present model (lamda*D=0.04). The results of sensitivity analysis also 

shows that if the energy slope is small, the water depth was increased. 

 

  

   Ie=1/100 ks=5mm    Ie=1/200 ks=2mm 
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   Ie=1/500 ks=1mm    Ie=1/1000 ks=0.3mm 

 

Fig. 5.1 Result of sensibility analysis(h~q) 

 

Fig. 5.2 shows the relation u*~q. It depicts the relation u*~q, which is more 

sensitive than h~q or U=q. And, it suggests that the concept of bed roughness 

boundary layer should be inevitably taken into account in description of sediment 

transport and fluvial process in streams with vegetation.  

 

 
 

   Ie=1/100 ks=5mm    Ie=1/200 ks=2mm 
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   Ie=1/500 ks=1mm    Ie=1/1000 ks=0.3mm 

 

Fig. 5.2 Result of sensibility analysis(u*~q) 

 

5.2.2 Description of sediment transport in vegetated stream 

Bed load transport rate and the bottom concentration of suspended sediment are 

closely related to the shear stress as shown in the following formulas (Ashida & 

Michiue, 1972 (Equation 3.15); and Tsujimoto 1992 (Equation 3.29)). Fig. 5.3 and 5.4 

depict the relation qB~q and cbe~q. 

 

 

  

   Ie=1/100 ks=5mm    Ie=1/200 ks=2mm 
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   Ie=1/500 ks=1mm    Ie=1/1000 ks=0.3mm 

 

Fig. 5.3 Result of sensibility analysis(qB~q) 

 

  

Ie=1/100 ks=5mm Ie=1/200 ks=2mm 

 

  

Ie=1/500 ks=1mm Ie=1/1000 ks=0.3mm 

 

Fig. 5.4 Result of sensibility analysis(Cbe~q) 
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We can recognize the accurate and reasonable evaluation of shear stress based on 

the bed roughness boundary layer. Since the turbulent shear flow appears only in the 

bed roughness boundary layer, the suspended sediment concentration distributes there 

by showing the Equation 5.14. 

As for the turbulent Schmidt number, Tsujimoto (1984) deduced the Equation 3.26 

by comparing the diffusion theory with the stochastic modeling of suspended particle. 

Then the equation to relate the depth-averaged concentration to the bottom one is 

derived as Equation 5.15: 

 

5.2.3 Secondary flow and dynamic equilibrium bed profile at a bend in 

vegetated stream 

In a river bend, secondary motion appears because of the centrifugal force. When a 

stream is accompanied with the lateral bed slope and the secondary flow due to the 

centrifugal force by the curvature of stream which brings the shift of bottom flow 

angle from the main flow, γ, the direction of bed load motion deflects from the main 

flow direction as tanυ, as follows (Nakagawa, Tsujimoto & Murakami, 1984): 
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 (5.5) 

 

where μd, μf =dynamic and static friction coefficients of sand; and n=normal 

direction to the main flow. As for the secondary effect, the following equation is 

conventionally employed according to study on fully-developed flow at river bend by 

Engelund (1979): 

 

0 *0tan b

b

v h
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     (5.6) 

 

where (ub, vb)=bottom velocity of the main flow and secondary flow component at 

the bottom; N*0=constant (around 7.0 according to Engelund); and the subscript 0 

means the value for flow without vegetation. The authors investigated the secondary 

flow effect in vegetated channel where the centrifugal force balances the form drag in 

the outer layer and the Reynolds stress described by Boussinesq model in the bed 

roughness boundary layer, and the following distribution of the secondary flow was 

deduced (Jeon, Obana & Tsujimoto, 2014): 
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Since the integration of v(z) along the depth should be zero, vb is expressed as 

follows: 
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Then the angle of bottom flow γ is expressed as follows: 
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 (5.9) 

 

When the vegetation density is small enough (λDh tends to 0), θv approaches zero 

and Equation (5.9) tends to Equation (5.6) for flow without vegetation,  

Since the gravity effect is independent of the vegetation, Equation (5.5) is revised 

for flow with vegetation as follows: 
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where =N*/N*0 is expressed as follows: 
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where N*0=7.0 according to Engelund (1974).  

When the channel width B is smaller enough than the curvature of the bend R, a 

dynamic equilibrium lateral slope of the cross section is given by setting =0 that 

means no lateral sediment transport as follows. 
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As shown by the above equation, the lateral bed slope with vegetation density by 

expressed by a parameter  governed by the vegetation density 

 

5.3 Comparison with bed load deposition in decelerated area 

in vegetation 

5.3.1 Laboratory experiment (full width vegetation) 

In the laboratory experiment, a model vegetation was prepared by a group of 

cylinders made of bamboo arranged in staggered pattern (D=0.25mm, λ=0.25/cm
2
) 

being set in the interval of 5.0m in a flume of 20m long and 0.5m wide with the 

constant slope. The bed was rigid. Firstly, the flow measurements (U and h) were 

conducted along the centerline of the flume (Obana et al.(2012)). Then, sand 

(d=0.5cm, σ/ρ=2.65; d=diameter, σ, ρ=mass density of sand and water) was fed at 

1.0m upstream of the vegetated area with constant volume along the width. The 

supplied sediment rate was calculated as 0.047cm
2
/s. The profile of bed load 

deposition in the vegetation area was measured along the centerline in the vegetated 

zone after 4min, 12min. and 20min. 

 

5.3.2 Simulation of depth-averaged flow and comparison with flume 

experiment (full width vegetation) 

To understand the hydraulic and topographical characteristics in vegetated area, 

this chapter consider interaction among depth average velocity - shear velocity - 

sediment transport through 2-dimensional numerical analysis approach and the 

numerical model can consider effect of vegetation was base on modeling of drag 

force of vegetation. The numerical model(NHSED2D) is verified firstly by 

comparisons with the laboratory experimental results. The grid size is 0.05m×0.01m. 

The time step is 0.01s. The grids and the time step are sufficiently small to obtain grid 

convergent results. Numerical tank partially covered by all width vegetation and 5m 

length from 6m lower of upstream. The vegetation model is emergent rigid vegetation 

with same density. Flow discharge of 0.00694m
3
/s, flow depth of 0.033m were set as 

the hydraulic condition of the experiment. Detailed numerical setup conditions used 
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for verification are summarized in Table 5.2 

 

Table 5.2 Numerical setup condition used for verification 

Inflow 0.00694m
3
/s 

Length 20m 

Width 0.5m 

Slope 1/150 

Grain size Sand CPOM 

 0.00025m 0.0015m 

Specific gravity 2.65 1.26 

Vegetation density 0.25cm
-2

 

 

The measured data of depth and depth-averaged velocity, U and h, are plotted in 

Fig. 5.5 to be compared with the results of 2D-depth averaged model.  

 

 

 

Fig. 5.5 Comparison between measured and calculated results of depth and depth-

averaged velocity(full vegetation) 
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The calculation was conducted by using a program developed for horizontal 2D 

depth-averaged flow where the bed friction and the form drag due to vegetation are 

taken into account. 

In the conventional way, Keulegan‟s equation Equation (4.1a, b) is employed for 

Equation (3.4, 3.5) to both non-vegetated and vegetated areas. While, when the 

present method is applied, Equation (4.7), which is presently proposed for flow with 

non-submerged vegetation, is employed in the vegetated area. The vegetation 

density(λ=0.25cm
-2

) was verified using experiment data where floodplains were not 

inundated. Vegetation density of Liu‟s experiment 2.1 is similar to that conducted by 

this experiment. Boundary layer thickness of experiment 2.1 is measured 0.002m. 

Therefore, boundary layer thickness of new method was simulated 0.002m. 

Fig. 5.5 shows comparison between the experimental data and the numerical results 

about depth average velocity and water depth. The solid line in the figure indicate the 

experimental results, red triangle indicate the conventional method and blue circle 

represents present method, respectively. Vegetation reduced longitudinal depth 

averaged velocity. As we can see, two kinds of method give good agreements 

between experimental data and calculated depth average velocity and water depth. 

The numerical model can accurately simulate the reduction of depth averaged 

velocity and increase of water depth with impact of vegetation.  

Fig. 5.6 shows comparison of shear velocity between conventional method and 

present method in numerical results. As for the shear velocity, which has not directly 

measured in the experiment, the calculated one by the conventional model may be 

appreciably underestimated as shown in Fig. 5.6. The numerical results conducted by 

new method appear as if the vegetation density was to have a high value, shear 

velocity will become more faster. 

 

 

 

Fig. 5.6 Calculated results on shear velocity (full vegetation) 



Chapter 5. Application of bed roughness boundary layer concept 

 

９１ 

 

 

5.3.3 Bed load transport and deposition in vegetated area (full vegetation) 

Fig. 5.7 displays comparison of the bed deformation in the vegetated area between 

the experimental data and the numerical results during time. The sediment mean 

diameter is 0.00025m. Sediment were provided at 2m upper part from vegetated area 

with equilibrium state during 20 minutes. 

Bed load transport can be described by the Equation(3.15) proposed by (Ashida 

and Michiue, 1972). If bed load transport formula by Ashida & Michiue(1972) is 

applied to evaluating the equilibrium transport rate, the supplied sediment in the 

present experiment (0.047cm
2
/s) is less than the equilibrium one (0.062cm

2
/s) in the 

non-vegetated area but excessive than the equilibrium one (0.036cm
2
/s) in the 

vegetated zone. Thus, bed load sediment deposits just upstream of the vegetated area 

and the upstream part of the vegetated area.  

In Fig. 5.7, longitudinal profile of bed load deposition with time is depicted with 

the measured profile in the vegetated area at 4min, 12min and 20min after sediment 

supply. As for the deposition of bed load in the upstream of the vegetated zone, we 

did not conduct the measurement in the flume experiments. In the vegetated area, the 

solid line indicate the experimental bed deformation results and red solid line indicate 

the conventional method and blue solid line represent present method, respectively. 

Zero point of X-axis indicated that beginning of vegetated zone. Bed deformation 

changes around the vegetated area were simulated 20 minutes after introducing water 

to an initially flattened acrylic bed. Clearly, deposition occurs in front of the 

vegetated area, as well as inside and behind it. Fig. 5.7 gave similar areas where 

deposition happen between experimental data and numerical results. Numerical 

analysis conducted this study showed that a relationship exists between boundary 

layer thickness and vegetation density, which depends on the horizontal orbital 

velocity. 

The calculated results, where we employed the conventional resistance law and the 

presently proposed one for the vegetated area, are compared with the measured data. 

The present model can describe the deposition profile with the steeper downstream 

slope with the faster migration because of the higher value of the shear stress, and it 

shows better conformity with the experimental result compared with the conventional 

model. Thus, it is concluded that introduction of the present proposal of the resistance 

law based on the concept of bed roughness boundary layer in vegetated area can bring 

accurate description of fluvial process in vegetated area. 
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In front of vegetation In the vegetation 

 
 

After 4min 

 
 

After 12min 

 
 

After 20min 

 

Fig. 5.7 Deposition profile of bed load sediment 

 

Numerical analysis simulate about CPOM to better understand behavior of CPOM. 

Mean diameter of CPOM is 0.0015m and specific gravity is 1.26. 
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Fig. 5.8 Comparison of the CPOM behavior according to boundary layer thickness 

 

Comparison of the CPOM behavior according to boundary layer thickness shows 

in Fig. 5.8. Three kinds of boundary layer thickness(θv=0.002, 0.030, 0.048m) was 

conducted in numerical simulation. According to the observation on the experiment, 

If only CPOM particle was supplied to the vegetation area, CPOM never deposited 

itself. Such as this tendency also appear that CPOM is transported and flushed away 

in each case of numerical analysis. For successful application to understand about 

complicated processes including behaviors of sand and CPOM, It need a further 

consideration to create a ripple formation. 

 

5.3.4 Laboratory experiment (half width vegetation) 

To observe each mechanism of invasion and deposition of sediment into the 

vegetated zone by transverse dispersion by neighboring faster flow with slow flow in 

vegetated area along a bank. The experiment was carried out by installing the 

vegetation model on one side bank. The vegetation model was laying on 7m length 

and 0.25m width from 6m lower of the upstream of channel. Measurement section is 

determined at 5.3m point from the beginning of vegetation area by confirming 

equilibrium condition. In the experiment, two kinds of sand: coarse sand (d=1.25mm, 

σ/ρ=2.65); fine sand (d=0.25mm, σ/ρ=2.65) and two kinds of POM: CPOM model 

(d=1.50mm, σ/ρ=1.26); FPOM model (d=0.15mm, σ/ρ=1.26): were employed. 

 

5.3.5 Simulation of depth-averaged flow and comparison with flume 

experiment (half width vegetation) 

The numerical simulation were carried out to simulate same condition of laboratory 
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experiment. The grid size is 0.05m×0.01m. The time step is 0.01s. The grids and the 

time step are sufficiently small to obtain grid convergent results. Numerical tank 

partially covered by half width vegetation and 7m length from 6m lower of upstream. 

The vegetation model is emergent rigid vegetation with same density and it was 

installed on one side bank. Flow discharge of 0.00694m
3
/s, flow depth of 0.034m 

were set as the hydraulic condition of the experiment. Measurement section is 

determined at 5.3m point from the beginning of vegetation area by confirming 

equilibrium condition. 

The numerical simulation was conducted as two kinds of method. Fig. 5.9 shows 

comparison between the experimental data and the numerical results about depth 

average velocity and water depth. The solid line indicate the experimental results, red 

triangle indicate the conventional method and blue circle represents present method, 

respectively. 

Vegetation reduced longitudinal depth averaged velocity. As we can see, Two kinds 

of method give good agreements between experimental data and calculated depth 

average velocity and water depth. The numerical model can accurately simulate the 

reduction of depth averaged velocity and increase of water depth with impact of 

vegetation.  

 

 

 

 

Fig. 5.9 Comparison between measured and calculated results of depth and depth-

averaged velocity (half vegetation) 



Chapter 5. Application of bed roughness boundary layer concept 

 

９５ 

 

Fig. 5.10 shows comparison of shear velocity between conventional method and 

present method in numerical results. As for the shear velocity, which has not directly 

measured in the experiment. The shear velocity in the non-vegetated reach, 

u*0=6.5cm/s was obtained by applying the equation u*0=√gh0If , while in vegetated 

reach, u*v=1.2cm/s as obtained by using the local velocity near the bed there and the 

ratio of the near bed velocity to the shear stress in non-vegetated area. the calculated 

one by the conventional model may be appreciably underestimated as shown in Fig. 

5.10. 

 

 

 

Fig. 5.10 Calculated results on shear velocity (half vegetation) 

 

5.3.6 Bed load transport deposition in vegetated area(half vegetation) 

In order to satisfy bed load motion, coarse sand (d =1.25mm, σ/ρ =2.65) is 

employed. Sediment were provided at 1m upper part from vegetated area with 

equilibrium state during 16 minutes. 

Bed load transport can be described by the Equation (3.15) proposed by (Ashida 

and Michiue, 1972). Fig. 5.11 indicate a comparison between conventional method 

and new method of sediment thickness. Half vegetation was installed on one side 

bank from 6m to 13m. Bed deformation changes around the vegetated area were 

simulated 16 minutes after introducing water to an initially flattened acrylic bed. Bed 

load deposition appears on the outside of vegetation boundary. As time goes on, very 

small amount of sand came into inside of vegetation boundary. 

In Fig. 5.12, transverse profile of bed load deposition with time is depicted with the 

measured profile in the vegetated area at 4min, 8min, 12min and 16min after 
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sediment supply. Measurement section is determined at 5.3m point from the 

beginning of vegetation area. The calculated results, where we employed the 

conventional resistance law and the presently proposed one for the vegetated area, are 

compared with the measured data. 

Zero point of X-axis indicated that vegetation boundary. Inside of vegetation zone 

represent from 0cm to 8cm. In the case of laboratory experiments, deposition occurs 

inside of the vegetated area. In other hand, in case of numerical model, sediment 

which has been deposited on the outside of vegetation came into the vegetation zone a 

little. The present model can describe the deposition transverse profile with more 

migration because of the higher value of the shear stress better than conventional 

model. 

 

Conventional method Present method 

  

After 4min 

  

After 8min 

  

After 12min 

  

After 16min 

 

Fig. 5.11 Comparison between conventional method and present method of 

sediment thickness (half vegetation) 
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Experiment data Conventional method Present method 

 

Fig. 5.12 Comparison between measured and calculated results of sediment thickness 

 

5.4 Suspended sediment concentration in bed roughness 

boundary layer 

When the diffusion coefficient of suspended sediment εs is expressed as βνt, the 

equilibrium suspended sediment concentration distributes along the depth in the area 

without vegetation and the profile c(z) is written as Equation 3.27 (Lane & Kalinske 

1941) by substituting Equation 4.10. The Equation 3.26 is evaluated by (Tsujimoto 

1984) as follows by comparing the diffusion theory with the stochastic model. 

Then, the depth averaged suspended sediment concentration C is written by 

Equation 3.28. On the other hand, suspended sediment distributes only in the bed 

roughness boundary layer (0<z<θv) because the turbulent diffusivity never exist in the 

upper layer (θv<z<h) as follows: 
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And, the layer-averaged concentrations, Cθ for roughness boundary layer and Ch-θ  

for the upper layer, are written as follows. 
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The depth-averaged concentration in the vegetated area is written as follow: 
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The equilibrium bottom concentration, CBe, is related to the shear velocity. 

 

 

  

Non vegetated zone Vegetated zone 

 

Fig. 5.13 Conceptual sketch of suspended sediment concentration profile in the non 

vegetated zone and vegetated zone 

 

Fig. 5.13 shows the conceptual sketch of suspended sediment concentration profile 

in non vegetated zone and vegetated zone. As we know from the Fig. 5.13, suspended 

sediment concentration profile is a little different in the vegetated zone. The 

suspended sediment concentration profile is distributed throughout the depth in case 

of non vegetated zone but it is existed only within the bed roughness layer in case of 

vegetated zone. 

Nevertheless, ordinary Equation 3.28 is applied even in the vegetation zone. In this 

chapter, the numerical simulation model was added on new Equation 5.15 in the 

vegetation zone for better accuracy suspended sediment concentration profile. 

 

5.4.1 Ratio of depth averaged concentration and bottom concentration 

To observe each mechanism of invasion and deposition of suspended sediment into 

the vegetated zone by transverse dispersion by neighboring faster flow with slow flow 

in vegetated area along a bank. The experiment was carried out by installing the 

vegetation model on one side bank. The vegetation model was laying on 7m length 
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and 0.25m width from 6m lower of the upstream of channel. Measurement section is 

determined at 5.3m point from the beginning of vegetation area by confirming 

equilibrium condition. In the experiment, Suspended sediment (d=0.25mm, σ/ρ=2.65) 

was fed at 1m upstream of the vegetated area with constant volume along the half 

width. 

The numerical simulation were carried out to simulate same condition of laboratory 

experiment. The grid size is 0.05m×0.01m. The time step is 0.01s. The grids and the 

time step are sufficiently small to obtain grid convergent results. Numerical tank 

partially covered by half width vegetation and 7m length from 6m lower of upstream. 

The vegetation model is emergent rigid vegetation with same density and it was 

installed on one side bank. Flow discharge of 0.00694m
3
/s, flow depth of 0.034m 

were set as the hydraulic condition of the experiment. Measurement section is 

determined at 5.3m point from the beginning of vegetation area by confirming 

equilibrium condition. In order to satisfy suspended sediment motion, Fine sand was 

provided at 1m upper part from vegetated area with equilibrium state during 16 

minutes. 

In the numerical model, Suspended sediment transport can be consider by the 

Equation (3.19). Entrainment of suspended sediment at bottom  (Equation (3.21)) 

is applicable to numerical model. The depth averaged suspended sediment 

concentration C is considered by Equation (3.28). 

The numerical simulation was conducted as two kinds of new model. First, 

ordinary equation 4.10 about kinematic eddy viscosity change into new equation 4.12 

based on bed roughness boundary layer concept for better accuracy suspended 

sediment concentration and kinematic eddy viscosity. Second, ordinary Equation 3.28 

about depth averaged concentration change into new Equation 5.15 based on bed 

roughness boundary layer concept for better accuracy suspended sediment 

concentration. Two kinds of present model is compared with the conventional model. 

 

 

 

Fig. 5.14 Measuring point of suspended sediment concentration 
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Fig. 5.14 indicated that measuring point of suspended sediment concentration. The 

suspended sediment concentration and hydraulic characteristics was measured in 

middle of each vegetation and non vegetation. Fig. 5.15 shows condition of numerical 

condition. For calculating suspended sediment, two kinds of present method was 

conducted. In case of kinematic eddy viscosity of flow with vegetation by considering 

BRBL concept. It was calculated only changing the kinematic eddy viscosity in 

vegetated area. In other case is depth averaged suspended sediment concentration 

based on BRBL concept. It was calculated changing the ratio of depth averaged 

concentration to the bottom concentration and kinematic eddy viscosity.  

 

 

 

Fig. 5.15 Condition of numerical simulation 
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Table 5.3 Numerical result of hydraulic characteristics 

 X=11.3m 

Non vegetation Vegetation 

 Conventional Kinematic 

eddy 

viscosity 

(BRBL) 

Depth 

averaged 

concentration 

(BRBL) 

Conventional Kinematic 

eddy 

viscosity 

(BRBL) 

Depth 

averaged 

concentration 

(BRBL) 

h 0.03518 0.03504 0.03525 0.03518 0.03504 0.03525 

u* 0.04220 0.04223 0.04222 0.00797 0.00984 0.00988 

θv 0 0 0 0 0.00380 0.00380 

h: water depth, u*: shear velocity, θv: boundary layer thickness 

 

Table 5.3 shows comparison of water depth, shear velocity and boundary layer 

thickness between conventional model and two kinds of present model in numerical 

results. As for the water depth, there was no significant difference calculation results 

in a non vegetation and vegetation. 

As for the shear velocity, which has not directly measured in the experiment. The 

shear velocity in the non-vegetated reach, u*0=0.042m/s was obtained by numerical 

calculation. There was no significant difference calculation results between 

conventional method and two kinds of present method, while in vegetated reach, 

u*v=0.0079cm/s as obtained by using conventional method. The calculated one by the 

conventional model may be appreciably underestimated as shown in Table 5.3. 

 

Table 5.4 Numerical result of depth averaged concentration and bottom concentration 

 X=11.3m 

Non vegetation Vegetation 

 Conventional Kinematic 

eddy 

viscosity 

(BRBL) 

Depth 

averaged 

concentration 

(BRBL) 

Conventional Kinematic 

eddy 

viscosity 

(BRBL) 

Depth 

averaged 

concentration 

(BRBL) 

C 0.01638 0.01630 0.01598 0.00289 0.00126 0.00036 

Cb 0.09922 0.09877 0.09680 0.00724 0.00367 0.00998 

C: depth averaged concentration, Cb: bottom concentration 

 

Table 5.4 shows comparison between conventional model and two kinds of present 

model about depth averaged concentration and bottom concentration. The depth 
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averaged concentration of conventional model in a non vegetation is largest of all and 

depth averaged concentration of present model was found to be slightly decrease. The 

same tendency was appearing in bottom concentration. 

In vegetated area, difference of depth averaged concentration between conventional 

model and two kinds of present model was larger than non vegetation. Depth 

averaged concentration of conventional model is also largest of all. In case of bottom 

concentration, Present model by using the kinematic eddy viscosity based on bed 

roughness boundary layer concept was smaller than conventional model. On the other 

hand, Present model by using the ratio of the depth average and bottom 

concentrations based on bed roughness boundary layer concept is larger than 

conventional model. 

 

5.4.2 Comparison of suspended sediment concentration profile 

Vertical suspended sediment concentration profile, obtained by vertically 

integrating the product of mean velocity and local sediment concentration. The 

vertical distribution of suspended sediment concentration in a 2D numerical model is 

an important subject in the mechanics of sediment transport. Results of vertical 

concentration profiles were compared between conventional model and two kinds of 

present model. Fig. 5.12 shows computed vertical suspended sediment concentration 

profile. The black solid line in the figure indicate conventional model, red solid line 

indicate present model by using the kinematic eddy viscosity based on bed roughness 

boundary layer concept (BRBL concept), respectively. The transverse diffusion 

coefficient of both method were used 0.3. 

In the non vegetation area, the vertical distribution of suspended sediment 

concentration is almost same. However, In the vegetated area it was found that, due to 

the present model by using the kinematic eddy viscosity based on BRBL concept, 

simulated relative distributions of suspended sediment concentration differ slightly 

from conventional model. Distribution of suspended sediment concentration using 

present model is smaller than conventional model. 
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Non vegetation 

 

 

 

 

Vegetation 

 

Fig. 5.15 Comparison of suspended sediment concentration profile between 

conventional model and present model by using the kinematic eddy viscosity based 

on BRBL concept 

 

Fig. 5.13 also shows computed vertical suspended sediment concentration profile. 

The black solid line in the figure indicate conventional model, red solid line indicate 

present model by using the ratio of the depth average and bottom concentrations 

based on BRBL concept, respectively. The vertical distribution of suspended sediment 

concentration is almost same in non vegetated area. In the vegetated area, present 

model by using the ratio of the depth average and bottom concentrations based on 

BRBL concept distributes only in the bed roughness boundary layer because the 

turbulent diffusivity never exist in the upper layer. And distribution of suspended 

sediment concentration using present model is smaller than conventional model. 

 

 

 

 

 

Non vegetation 
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Vegetation 

 

Fig. 5.16 Comparison between conventional model and present model by using the 

ratio of the depth average and bottom concentrations based on BRBL concept 

 

5.5 Concluding Remarks 

Recently 2D depth-averaged analysis has become popular and powerful, and one 

expects its applicability to a stream with vegetation. However, there must be some 

restriction for application in 2D analysis for flow with vegetation. In this paper, as for 

flow with non-submerged vegetation, several points necessary to be modified are 

theoretically discussed. In flow with vegetation, taking account for drag term due to 

vegetation is a principal key but it is not necessary sufficient by it alone.  

From the check along the 2D modeling, the friction resistance law should be 

reasonably considered and the concept of “bed roughness boundary layer” has been 

proposed and formulated against the vegetation density. Based on this concept, the 

shear flow structure in this layer has been discussed and formulated. It has brought 

the reasonable evaluation of the shear stress and subsequently the kinematic eddy 

viscosity as important parameter for discussion of sediment transport. In addition, 

vertical profile of suspended sediment concentration has been discussed to relate the 

depth-averaged concentration to the bottom concentration of suspended sediment 

which is a key when fluvial process is discussed. 

In this chapter formulas to modify parameters necessary for flow with vegetation 

have been analytically derived which are presented as functions of the vegetation 

density and some of them are depicted in figure. 

Based on the concept of bed roughness boundary layer, fluvial process with full 

vegetation can be discussed as below: 

 

1. The calculation was conducted by using a program developed for horizontal 

2D depth-averaged flow where the bed friction and the form drag due to 
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vegetation are taken into account. 

2. In the conventional way, Keulegan‟s equation is employed for to both non-

vegetated and vegetated areas. While, when the present method is applied, 

Equation (4.7), which is presently proposed for flow with non-submerged 

vegetation 

3. Two kinds of method give good agreements between experimental data and 

calculated depth average velocity and water depth. The numerical model can 

accurately simulate the reduction of depth averaged velocity and increase of 

water depth with impact of vegetation.  

4. As for the shear velocity, which has not directly measured in the experiment, 

the calculated one by the conventional model may be appreciably 

underestimated. The numerical results conducted by new method appear as if 

the vegetation density was to have a high value, shear velocity will become 

more faster. 

5. The results of sensitivity analysis shows that if the rate of flow is small, water 

depth variation was almost same between conventional model and present 

model. However, the rate of flow increases, the water depth also increases in 

the present model. The increase rate of water depth is largest in case of 

present model (lamda*D=0.04). The results of sensitivity analysis also shows 

that if the energy slope is small, the water depth was increased. 

6. Sensitivity analysis depicts the relation u*~q, which is more sensitive than 

h~q or U=q. And, it suggests that the concept of bed roughness boundary 

layer should be inevitably taken into account in description of sediment 

transport and fluvial process in streams with vegetation. 

 

Comparison of the bed deformation in the full vegetated area between the 

experimental data and the numerical results during time can be described as below: 

 

1. The calculated results, where we employed the conventional resistance law 

and the presently proposed one for the vegetated area, are compared with the 

measured data. The present model can describe the deposition profile with the 

steeper downstream slope with the faster migration because of the higher 

value of the shear stress, and it shows better conformity with the experimental 

result compared with the conventional model. Thus, it is concluded that 

introduction of the present proposal of the resistance law based on the concept 

of bed roughness boundary layer in vegetated area can bring accurate 
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description of fluvial process in vegetated area. 

2. According to the observation on the experiment, If only CPOM particle was 

supplied to the vegetation area, CPOM never deposited itself. Such as this 

tendency also appear that CPOM is transported and flushed away in each case 

of numerical analysis. 

 

Based on the concept of bed roughness boundary layer, fluvial process with half 

vegetation can be discussed as below: 

 

1. Vegetation reduced longitudinal depth averaged velocity. As we can see, Two 

kinds of method give good agreements between experimental data and 

calculated depth average velocity and water depth. The numerical model can 

accurately simulate the reduction of depth averaged velocity and increase of 

water depth with impact of vegetation. 

2. The shear velocity in the non-vegetated reach, u*0=6.5cm/s was obtained by 

applying the equation u*0=√gh0If , while in vegetated reach, u*v=1.2cm/s as 

obtained by using the local velocity near the bed there and the ratio of the 

near bed velocity to the shear stress in non-vegetated area. the calculated one 

by the conventional model may be appreciably underestimated. 

 

Comparison of the bed deformation in the half vegetated area between the 

experimental data and the numerical results during time can be described as below: 

 

1. Transverse profile of bed load deposition with time is depicted with the 

measured profile in the vegetated area at 4min, 8min, 12min and 16min after 

sediment supply. Measurement section is determined at 5.3m point from the 

beginning of vegetation area. The calculated results, where we employed the 

conventional resistance law and the presently proposed one for the vegetated 

area, are compared with the measured data. 

2. Zero point of X-axis indicate that vegetation boundary. Inside of vegetation 

zone represent from 0cm to 8cm. In the case of laboratory experiments, 

deposition occurs inside of the vegetated area. In order hand, in case of 

numerical model, Bed load deposition appears on the outside of vegetation 

boundary. As time goes on, very small amount of sand came into inside of 

vegetation boundary.  
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3. The present model can describe the deposition transverse profile with more 

migration because of the higher value of the shear stress better than 

conventional model. 

 

Based on the concept of bed roughness boundary layer, suspended sediment 

concentration with vegetation can be discussed as below: 

 

1. In vegetated area, difference of depth averaged concentration between 

conventional model and two kinds of present model was larger than non 

vegetation. Depth averaged concentration of conventional model is also 

largest of all. In case of bottom concentration, Present model by using the 

kinematic eddy viscosity based on BRBL concept was smaller than 

conventional model. On the other hand, Present model by using the ratio of 

the depth average and bottom concentrations based on BRBL concept is 

larger than conventional model. 

2. In the non vegetation area, the vertical distribution of suspended sediment 

concentration is almost same. However, In the vegetated area it was found 

that, due to the present model by using the kinematic eddy viscosity based on 

BRBL concept, simulated relative distributions of suspended sediment 

concentration differ slightly from conventional model. present model by using 

the ratio of the depth average and bottom concentrations based on BRBL 

concept distributes only in the bed roughness boundary layer because the 

turbulent diffusivity never exist in the upper layer. Distribution of suspended 

sediment concentration using present model is smaller than conventional 

model. 
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CHAPTER 6 

 

TRANVERSE MIXING IN FLOW AND SUSPENDED 

SEDIMENT IN STREAM WITH VEGETATION ZONE 

 

6.1 General 

The transverse interaction between vegetated and non-vegetated zones is a 

turbulence phenomenon, and (unlike phenomena which are dominated by geometry 

rather than turbulence) predictions are therefore extremely sensitive to the 

specification of eddy viscosity. Many research has been conducted into the spreading 

of materials in open channel. in term of lateral or transverse spreading there is a 

general custom to assume that the transverse dispersion coefficient is proportional to 

the product of shear velocity and average depth. 

The transverse transfer of sediment from an unvegetated channel to adjacent 

vegetated zones is more complex, and requires description of the transverse 

distribution of velocity and the transverse eddy viscosity. Tsujimoto and Shimizu 

(1994) used a similar approach to that of Lopez and Garcia (1998; 2001) to simulate 

the vertical and transverse distributions of suspended sediment concentration in 

simple and compound channels with vegetation zones in the cross-sections. Nepf 

(1999) used measurements of dye dispersion to determine transverse diffusivities in 

flows through arrays of cylindrical rods. She found transverse diffusivities to vary 

with stem characteristics and flow velocity. 

Though experiments, Tsujimoto and kitamura (1992) pointed out that transverse 

mixing is caused by rather organized and low-frequency fluctuation of transverse 

velocity and is associated with the fluctuation of free surface. Another experimental 

investigations performed in the laboratory provided details of the diffusion processes 

in the presence of vegetation (Sharpe and James, 2006; Murphy et al., 2007; Nepf et 
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al., 2007). 

The transverse transport situations were investigated and simulated using 

appropriate formulations of the diffusion-convection model to confirm their 

applicability and to enable inference of realistic values of sediment diffusivity. And 

The relation for transverse mixing coefficient was offered and analyzed. 

The concept of bed roughness boundary layer apply to the numerical simulation 

model will provide more accurate results. 

 

6.2 Lateral mixing between flow and suspended sediment 

between areas without and with non submerged vegetation 

6.2.1 Lateral mixing of momentum and lateral distribution of depth-averaged 

velocity 

The governing equations of flow in depth averaged 2D scheme are written as 

Equation(3.1~3.5), Equation(3.9, 3.10). Cf=friction coefficient given by (U/u*)
2 

(Equation 4.1b for area without vegetation and Equation 4.9 for area with vegetation). 

There are some programs based on the above governing equations, but in 

conventional approaches, the friction resistance law for flow without vegetation is 

applied even in the vegetated area though the form drag is taken into account for the 

vegetated area. The authors have derived a reasonable equation of frictional resistance 

law based on the concept of bed roughness boundary layer in the area with non-

submerged vegetation. Applying this law can bring a reasonable evaluation of the 

shear velocity in the vegetated area and subsequently equilibrium bottom 

concentration of suspended sediment (entrainment rate is CBew0). 

In lateral mixing, the horizontal diffusion written in Equation 3.1 is subjected to the 

eddy kinematic viscosity. Conventionally, the vertical diffusion coefficient νt which is 

related to the vertical velocity distribution is applied by simply multiplying a constant 

even in horizontal mixing as νth, and furthermore, the value given for flow on the area 

without vegetation, as Equation(4.13). 

where α is empirically determined in the range 0.1~0.5. 

Depth-averaged kinematic eddy viscosity is modified as expressed by Equation 

4.12, and thus the Equation 4.14 is reasonably employed for flow with vegetation 

instead of Equation 4.13. 
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6.2.2 Lateral mixing of suspended sediment and lateral distribution of depth 

averaged concentration of suspended sediment 

The spatial distribution of depth-averaged concentration is described by the flowing 

equation: 
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where =difference between deposition and entrainment from the bed to be 

expressed by (CBe-CB)w0 and it represents the bed deformation; and the horizontal 

diffusion coefficient of suspended sediment is assumed to be βνth. 

 

6.3 Transverse distribution of depth-averaged flow in stream 

with vegetation 

6.3.1 Transverse diffusion coefficient for flow with vegetation 

A simplest example of flow to be treated in 2D scheme, the flow in a straight 

channel with a zone of non-submerged vegetation is investigated. Far from the 

boundary between the zones with and without vegetation. Without any separation 

wall to prevent from mixing between two zones, there appears a mixing zone where 

velocity and suspended sediment concentration changes laterally to connect the 

characteristic values of respective zones. In the conventional approach, α is assumed 

to be appreciably lager than κ/6(same to the vertical mixing). With the larger value of 

α, the wider the mixing width becomes as shown in Fig. 6.1. And the experimental 

data can be described well by larger value of α(around 0.3) as shown in Fig. 6.1. 

According to the elaborate flow measurement, migration of horizontal components of 

the flow, and it may cause an increase of horizontal diffusivity.  

 



Chapter 6. Transverse mixing in flow and suspended sediment in stream with 

vegetation 

 

１１４ 

 

 

 

 

 

Depth averaged 

velocity 
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Fig. 6.1 Comparison of depth averaged velocity and friction velocity between 

measured and calculated results (transverse diffusion coefficient 0.1-0.3) 

 

A Fig 6.2 shows comparison between the experimental data and the numerical 

results about depth average velocity and shear velocity. Transverse diffusion 

coefficient was calculated as a constant value(0.3). The solid line in the figure 

indicate the experimental results, yellow diamond indicate the conventional model 

and red triangle represents present model by using the kinematic eddy viscosity based 

on BRBL concept, respectively. Vegetation reduced lateral depth averaged velocity. 

As we can see, two kinds of method give good agreements between experimental data 

and calculated depth average velocity. The numerical model can accurately simulate 

the reduction of depth averaged velocity.  

Below figure shows comparison of shear velocity between conventional model and 

new model by using the kinematic eddy viscosity based on BRBL concept in 

numerical results. As for the shear velocity, which has not directly measured in the 

experiment, the calculated one by the conventional model may be appreciably 

underestimated as shown in Fig. 6.2. 
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Fig. 6.2 Comparison of depth averaged velocity and friction velocity between 

conventional model and present model by using the kinematic eddy viscosity based 

on BRBL concept 

 

A Fig. 6.3 also shows comparison between the experimental data and the numerical 

results about depth average velocity and shear velocity. The solid line in the figure 

indicate the experimental results, yellow diamond indicate the conventional method 

and red triangle represents present method by using the ratio of the depth average and 

bottom concentrations based on BRBL concept, respectively. As we can see, two 

kinds of method give good agreements between experimental data and calculated 

depth average velocity. The numerical model can accurately simulate the reduction of 

depth averaged velocity. 

Below figure shows comparison of shear velocity between conventional model and 

present model by using the ratio of the depth average and bottom concentrations 

based on BRBL concept. The calculated one by the conventional model may be 

appreciably underestimated as shown in Fig. 6.3. The BRBL concept has been applied 

to 2D depth averaged numerical model has brought the reasonable evaluation of the 
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shear stress and velocity. 

 

 

 

 

 

Depth averaged 

velocity 

 

 

 

 

Friction velocity 

 

Fig. 6.3 Comparison of depth averaged velocity and friction velocity between 

conventional model and present model by using the ratio of the depth average and 

bottom concentrations based on BRBL concept 

 

6.3.2 Kinematic eddy viscosity investigated by k-ε model 

From the check along the 2D numerical modeling, the friction resistance law 

should be reasonably considered and the concept of bed roughness boundary layer has 

proposed and formulated against the vegetation density. Based on this concept, we 

can confirm that 2D numerical model has brought the reasonable evaluation of the 

shear stress and velocity. And shear velocity will affect the kinematic eddy viscosity 

as important parameter for discussion of sediment transport. 

Fig. 6.4 shows comparison of kinematic eddy viscosity and Reynolds stress 

regarding the change to transverse diffusion coefficient. The lager transverse 

diffusion coefficient tend to increase the kinematic eddy viscosity and Reynolds stress 

in the vegetated area. 
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Fig. 6.4 Comparison of kinematic eddy viscosity and Reynolds stress (transverse 

diffusion coefficient 0.1-0.3) 
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Reynolds stress 

 

Fig. 6.5 Comparison of kinematic eddy viscosity and Reynolds stress between 

conventional model and present model by using the kinematic eddy viscosity based 

on BRBL concept 

 

Fig 6.5 shows Comparison of kinematic eddy viscosity and Reynolds stress 

between conventional model and present model by using the kinematic eddy viscosity 

based on BRBL concept. By using the present model we can confirm that kinematic 

eddy viscosity is smaller than conventional model near the boundary of vegetation 

zone and within the vegetation area because the turbulence diffusivity exist only in 

the bed roughness boundary layer with vegetation. Conventional method kinematic 

eddy viscosity is distributed throughout the depth even in vegetated area. By using 

the present model, Reynolds stress also appear same tendency. Kinematic eddy 

viscosity and Reynolds stress is important parameter for discussion of sediment 

transport. The bed roughness boundary layer concept will affect kinematic eddy 

viscosity and Reynolds stress reasonably. 
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Fig. 6.6 Comparison of depth averaged velocity and friction velocity between 

conventional model and present model by using the ratio of the depth average and 

bottom concentrations based on BRBL concept 

 

Fig. 6.6 shows Comparison of depth averaged velocity and friction velocity 

between conventional model and present model by using the ratio of the depth 

average and bottom concentrations based on BRBL concept. By using the present 

model we can confirm that kinematic eddy viscosity is larger than conventional 

model near the boundary of vegetation zone and within the vegetation area because 

the shear velocity by using bed roughness boundary layer concept is more faster than 

conventional model. By using the present model, Reynolds stress also appear same 

tendency. The present model by using the ration of the depth average and bottom 

concentrations based on BRBL concept will affect kinematic eddy viscosity and 

Reynolds stress reasonably. 
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6.4 Transverse distribution of depth-averaged concentration 

of suspended sediment in stream with vegetation  

The transverse distribution of depth averaged concentration of suspended sediment 

with vegetation computed numerically. Fig. 6.7 shows Comparison of transverse 

distribution of depth averaged suspended sediment concentration regarding the 

change to transverse diffusion coefficient. The lager transverse diffusion coefficient 

tend to increase the depth averaged concentration, bottom concentration and Bottom 

concentration under equilibrium in the vegetated area because the lager transverse 

diffusion coefficient bring more larger kinematic eddy viscosity. 
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Fig. 6.7 Comparison of transverse distribution of depth averaged suspended 

sediment concentration (transverse diffusion coefficient 0.1-0.3) 

 

Fig. 6.8 shows Comparison of transverse distribution of depth averaged suspended 

concentration between conventional model and present model by using the kinematic 

eddy viscosity based on BRBL concept.  

By using the present model we can confirm that depth averaged concentration and 

bottom concentration is larger than conventional model near the boundary of 

vegetation zone. After that the present model is smaller than conventional model 

within the vegetation area. By using the present model, Bottom concentration under 

equilibrium is larger than conventional model because the shear velocity by using bed 

roughness boundary layer concept is more faster than conventional model. 
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Fig. 6.8 Comparison of transverse distribution of depth averaged suspended 

concentration between conventional model and present model by using the kinematic 

eddy viscosity based on BRBL concept  

 

Fig. 6.9 shows Comparison of transverse distribution of depth averaged suspended 

concentration between conventional model and present model by using the ratio of 

the depth average and bottom concentrations based on BRBL concept. 

By using the present model we can confirm that depth averaged concentration is 

significantly smaller than conventional model within vegetation zone. By using the 

present model, bottom concentration is larger than conventional model Bottom 

concentration implied the lateral distribution of settling flux of suspended particles 

(CBwo) to cause the deposition on the bed. On the other hand, from the lateral 

distribution of shear velocity, the potential upward flux of suspension (Cbewo) is 

evaluated. It is the maximum re-suspension if deposition on the rigid bed exists. By 

using the present model, bottom concentration under equilibrium is also larger than 

conventional model because the shear velocity by using bed roughness boundary 

layer concept is more faster than conventional model. The bed roughness boundary 

layer concept will affect reasonable evaluation of the shear velocity in vegetated area, 

bottom concentration and equilibrium bottom concentration of suspended sediment. 
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Fig. 6.9 Comparison of transverse distribution of depth averaged suspended 

concentration between conventional model and present model by using the ratio of 

the depth average and bottom concentrations based on BRBL concept 
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6.5 Suspended sediment transport deposition in vegetated 

area 

In order to satisfy suspended sediment motion, fine sand (d=0.25mm, σ/ρ=2.65)  

is employed. Sediment were provided at 1m upper part from vegetated area with 

equilibrium state during 16 minutes. Suspended sediment transport can be described 

by the Equation (3.19).  

The lateral distribution of net deposition flux is calculated and it can be compared 

with the measured change of deposition thickness. 

In Fig. 6.10, transverse profile of bed load deposition with time is depicted with the 

measured profile in the vegetated area at 4min, 8min, 12min and 16min after 

suspended sediment supply. Measurement section is determined at 5.3m point from 

the beginning of vegetation area. The calculated results, where we employed the 

conventional resistance law with changing transverse diffusion coefficient are 

compared with the measured data as shown in Fig. 6.10. 

Zero point of X-axis indicate that vegetation boundary. Inside of vegetation zone 

represent from 0cm to 25cm. In the case of laboratory experiments, deposition occurs 

inside of the vegetated area. Numerical model also deposited inside vegetation but 

deposited sediment tend to progress inside a little more. These kinds of tendency is 

stronger being transverse diffusion coefficient increases.  
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Fig. 6.10 Comparison of sediment deposition thickness(transverse diffusion 

coefficient) 

 

Fig. 6.11 shows comparison of sediment deposition thickness between 
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conventional model and present model by using the kinematic eddy viscosity based 

on BRBL concept. The calculated results, where we employed the conventional 

resistance law and the presently proposed one for the vegetated area, are compared 

with the measured data. 

By using present model, the sediment deposition appear near the boundary of 

vegetation and deposition thickness appear higher than conventional model as time 

goes on. 
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Fig. 6.11 Comparison of sediment deposition thickness between conventional 

model and present model by using the kinematic eddy viscosity based on BRBL 

concept 

 

Fig. 6.12 shows Comparison of sediment deposition thickness between 

conventional model and present model by using the ratio of the depth average and 

bottom concentrations based on BRBL concept. The calculated results, where we 

employed the conventional model and the present model one for the vegetated area, 

are compared with the measured data. 

By using present model, deposition thickness appear higher than conventional 

model as time goes on. It was confirmed that the calculation result of the present 

model is to obtain a more accurate extend. 
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Fig. 6.12 Comparison of sediment deposition thickness between conventional 

model and present model by using the ratio of the depth average and bottom 

concentrations based on BRBL concept 
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6.6 Concluding Remarks 

Along the 2D depth averaged model, the friction resistance law should be 

reasonably considered and the concept of “bed roughness boundary layer” has been 

proposed and formulated against the vegetation density. Based on this concept, the 

kinematic eddy viscosity and Reynolds stress has been discussed. It has brought the 

reasonable evaluation of the depth averaged concentration, bottom concentration and 

Bottom concentration under equilibrium as important parameter for discussion of 

suspended sediment transport. In addition, transverse profile of suspended sediment 

concentration has been discussed. 

Based on the concept of bed roughness boundary layer, suspended sediment with 

vegetation can be discussed as below: 

 

1. BRBL concept(bed roughness boundary layer) has been applied to 2D depth 

averaged analysis of flow with vegetation. Flow with vegetation has shear 

flow layer near the limited layer determined by vegetation parameter, and it 

governs the resistance law. 

2. BRBL concept is applied to the suspended sediment concentration in vertical 

direction as similarly as the vertical velocity distribution. It gives the ratio 

depth averaged concentration and bottom concentration 

3. BRBL concept governs bed shear stress and successively the kinematic eddy 

viscosity, diffusion coefficient of suspended sediment, entrainment rate of 

suspended sediment. Furthermore, it may governs the transverse mixing. 

4. 2D depth averaged flow analysis with BRBL concept has been applied to the 

flow with vegetation zone, and the followings have been fairly discussed: 

transverse distributions of depth averaged velocity and depth averaged 

concentration of suspended sediment, bottom concentration and its 

equilibrium one, then the deposition rate. 
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CHAPTER 7 

 

TRANSPORT OF POM WITH SEDIMENT 

 

7.1 General 

River landscapes are characterized by an interrelating system of flow, sediment 

transport, morphology and vegetation. 

The transport and deposition of particulate organic matter (POM) in river streams 

has recently received much attention as one of important ecological processes in 

rivers.  

It is known that particulate organic matter (POM) with sand particles in bed load 

and suspended load transported by flood are captured and deposited on sandbar with 

riparian vegetation. Capture of POM there must be significant in ecosystem (Vannote 

et al., Cummins) and it is important to understand how POM drifts are different from 

sediment behavior in flow over the vegetated area, because it reversely influences the 

vegetation productivity and supports the diversity through riverine bio-geochemical 

processes. 

We focused on interacted behaviors of sand particles in bed load and POM in 

vegetated area on sand bars. The purpose of this study is to clarify the characteristics 

of deposition of POM with bed load on sandbars with the riparian vegetation. A basic 

experiment on POM transport and deposition with vegetation is conducted in a 

laboratory flume. It demonstrates that several issues still remain to be future 

investigated. In particular, the shear due to the bed roughness in the vegetated area 

and the transport and deposition process of sand particles and POM are required to be 

described by the proper modeling which will be introduced into a simulation model of 

various fluvial processes. The purpose of this study is to clarify the deposition 

mechanism of POM in consideration of the influence of sediment transport in the 

riparian vegetation, and to develop the model of POM behavior based on the 

deposition mechanism. Thus, field observation and laboratory experiment were 
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conducted, and then a modeling necessary in numerical calculation was also 

conducted. 

The main results of this study are that ripples are formed by bed load in riparian 

vegetation and POM deposition is promoted by ripple behavior. Based on these 

results, the POM deposition with ripples in vegetated area is described by a 

conceptual model which will affect various aspects in ecosystem management based 

on fluvial processes.  

 

7.2 Field observation 

7.2.1 Overview of field observation 

An investigation was conducted on the Yahagi River (Chubu region, Japan). To 

evaluate the deposition characteristics of sediments and POM on sandbar with 

riparian vegetation in a field, we selected a conspicuous island sandbar covered with 

vegetation which is located in the right angle for the river flow at middle part of the 

river around 50 km from river mouth, as shown in Fig. 7.1.  

 

 

 

Fig 7.1 Investigation site in yahagi river 

 

The longitudinal length of sandbar was around 300 m, the cross sectional length 

was around 100 m and the average bed slope was 1/150. The whole sandbar is 

submerged during flood. The bed was composed mainly cobbles and boulders as 

basement rock. And coarse sand mixed with fine sand and gravels transported by 

flood were covered thickly on the basement rock. An herbaceous plant occupied the 
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whole sandbar. The investigation was conducted for two days on October, 2011 

during normal flow stage. Tasks included measuring the topography of sandbar and 

the thickness of sediment deposition layer, observing the spatial distribution of 

vegetation, analyzing the grain size distribution of deposited sediments and the 

quantity of particulate organic matters contained the deposited sediments. As for the 

observation of vegetation, the height and density of vegetation were measured after 

extracting representative plant community in whole sandbar. The thickness of 

deposition layer was measured the height from the top of basement rock to the top of 

fine sand layer by using a soil auger at 15 locations in the target sandbar (see Fig. 7.2). 

 

 

 

Fig. 7.2 Overview target sandbar 

 

7.2.2 Deposition characteristic in the field 

The whole sandbar was covered with 4 kinds of herb plant, especially reed and 

amur silver-grass were mainly occupied on sandbar. Fig. 7.3 indicate that the 

elevation difference of sandbar. Elevation difference increase from upstream toward 

center of sandbar. It is shaped like a mountain which elevation difference appears to 

become smaller toward downstream. The largest part of elevation difference is 

slightly below the center of sandbar. Variation of elevation difference appeared gently 

at the upstream and downstream. However, Variation of elevation difference appeared 

rapidly at the center of sandbar. The Variation value of elevation difference is from 

0m to 2m at the center of sandbar. 
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Fig. 7.3 Elevation difference of sandbar 

 

The Fig. 7.4 shows the deposition thickness in sandbar. The deposition thickness is 

the highest slightly backward from center of sandbar. It is possible to surmise that this 

deposition phenomenon is caused the deceleration of flow velocity by vegetation 

worked the resistance of longitudinal water flow. The result of relative height of 

sandbar showed same tendency to be high at backward from center (4-d point) of 

sandbar, become slowly low from top to downstream part in sandbar. 

 

 

 

Fig. 7.4 Deposition thickness of sandbar 
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Fig. 7.5 shows the spatial distribution of grain size (d50) that extracted at 15 

locations as shown in Fig. 7.2. The grain size of deposited sediment in longitudinal 

direction was coarse in upstream part, became finer from up to downstream part of 

sandbar. Their distribution in transverse direction was coarser in water-line than 

inland part as same tendency with longitudinal direction. 

 

 
 

Fig. 7.5 Spatial distribution of grain size in sandbar 

 

Fig. 7.6 shows the spatial distribution of POM content according to grain size as 

one example. The POM content become increasing from upstream to downstream 

part.  

 

 

 

Fig. 7.6 Spatial distribution of POM content according to grain size 
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Details of POM content shows that upstream part of sandbar are mainly composed 

of CPOM, on the other hand FPOM is mainly deposited at downstream part. The 

reason why POM size smaller than 0.16mm did not deposited is that flood transported 

all of them.  

 

7.2.3 Sedimentation test 

We checked the deposition movement and specific weight by conducting the 

sedimentation test for each sample such as sand and POM. The sample is taken from 

sediments can be separated particulate organic matters were used. Separated 

particulate organic matter is mainly piece of wood.(Fig. 7.7) 

 

 

 

Fig. 7.7 Particulate organic matter by particle size 

 

 

 

Overview of the sedimentation test shows Fig. 7.8.  
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Fig. 7.8 Overview of the sedimentation 

 

First, fill the graduated cylinder with water and then particulate organic matter put 

into the graduated cylinder. Sedimentation velocity(wf) was determined by measuring 

sedimentation time and depth. The density was calculated using the Equation (7.2) 

has been altered Equation (7.1). 

 

2 2
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Where, wf : Sedimentation velocity(cm/s), s: Underwater specific gravity, ν: 

Kinematic eddy viscosity(=0.0114cm
2
/s, 15˚C), d: Particle size, g: gravitational 

acceleration. 
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Fig. 7.9 Measurement of specific gravity 

 

Fig. 7.9 shows result of sedimentation test. The experiment seemed to be 

accurately achieved because specific gravity value appeared around 2.65. Specific 

gravity of particulate organic matter is distributed from 1.02 to 1.26. 

The movement mechanism of POM in sinking process is completely different from 

sediment. Sediment was sunk rapidly in a group however POM moved flutteringly 

and sunk slowly from top to the bottom of water. It is clear that the movement 

mechanism. 

As mentioned above, the summary of these results of field survey is that 

classification of sediment and POM deposition by their size is occurred in 

longitudinal and transverse direction. In particular, POM deposition has a direct 

influence of sediment deposition. 

 

7.3 Deposition process of POM transported with sand 

7.3.1 Flume experiment 

Flume experiment was conducted to understand the deposition mechanism of POM, 

especially CPOM such as vegetation seeds, litters was selected as our target in this 

study. In the laboratory, a model vegetation made by a group of cylinders made of 

bamboo arranged in staggered pattern ( D = 0.25 mm ,λ = 0.25 cm
2
 ) was set in the 

interval of 5 m in a flume 20 m long and 0.5 m wide with the constant slope as shown 

in Fig. 2.3. The bed was rigid. 
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Firstly, the flow measurements (U and h ) were conducted along the centerline of 

the flume (Obana et al. 2012). Shear velocity (u∗) is also important factor for an 

analysis of sediment transport. The form drag is predominant and velocity profile is 

uniform along the depth in flow with non-submerged vegetations only except the thin 

layer near the bed where the boundary layer is developed to bring a shear flow. Thus, 

after measuring the velocity near the bed with and without vegetated area respectively, 

shear velocity of vegetated area (u∗v) was deduced based on the assumption under the 

assumption of the similarity in the ratio of the velocity near the bed (ub) to the shear 

velocity between with and without vegetated area (see Table 7.1). In this table, 

numerical subscripts 0 and v of shear velocity u∗, velocity near the bed ub, indicates a 

value of non-vegetated area and vegetated area respectively. The result of this method 

is confirmed with the theoretical discussion on bed roughness boundary layer (Jeon et 

al. 2014). 

 

Table 7.1 Experimental condition 

Q(cm3/s) Ib If h0(cm) u*0(cm/s) u*v(cm/s) ub0(cm/s) ubv(cm/s) 

6940 1/150 1/185 3.5 4.3 2.3 14.0 7.4 

 

Then, the condition of sand and coarse POM (CPOM) was selected as shown in Fig. 

7.10 where d = diameter , σ , ρ = mass density of sand and water. The presumed 

amounts of them were fed at 1m upstream of the vegetated area with constant volume 

along the width.  

 

 d50(cm) σ/ρ W0(cm/g) 

 

Sand 0.025 2.65 3.13 

CPOM 

(usingPVC) 

0.15 1.26 5.5 

 

Fig. 7.10 Detail of each experimental sample 

 

As for CPOM model, we selected PVC(polyvinyl chloride) controlled the specific 

weight ( d = 0.15 cm ,σ/ρ = 1.26 ). Each supplied sand and POM rate was 0.047 cm
2
/s 

and 0.06 cm
2
. At 20 minutes after sediment supply, water is stopped and then 

deposition of sand and POM in the vegetation area was measured along the centerline 

in the vegetated zone. Two kinds of experimental cases were run to observe 
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respective fluvial processes of sand and POM. In Case-1, only sand was supplied, 

while in Case-2 both sand and CPOM were supplied. Movement condition of 

respective sand and CPOM is changed with/without vegetation; however, they were 

transported as bed load under this hydraulic condition. 

 

7.3.2 Deposition process of POM Transported with Sand 

Fig. 7.11 shows comparison of deposition thickness of sand and CPOM between 

Case-1 and Case-2 at 1200 seconds after the experiment starts. We observed that sand 

deposition was occurred even upstream of the beginning of vegetation area in both of 

cases, and sand was deposited into wavelike fashion along to longitudinal direction. 

 

 

 

Fig. 7.11 Comparison of deposition state between Case-1(Sand) and Case-

2(Sand+CPOM) at 1200 seconds after the experiment starts 

 

It was judged “ripples” by the figure in the book of Yalin (1977) which are 

prepared by overlaying the formation area of ripples and dunes on Shields diagram. 

Ripples were formed by sediment transport and propagated to downstream with time 

progress. In contrast, CPOM had never deposited when it was transported by itself in 

vegetated area. However it was captured and deposited with the progress of ripples 

due to the both of interactions. The 77% of all CPOM supply was deposited in 

vegetated area with sand deposition. 

The CPOM deposition mechanism with sand is as follows; 1) firstly fine sand 

forms ripples; 2) CPOM is deposited behind the crest of ripple, and then, fine sand is 

deposited and covered on CPOM deposition; 3) finally new CPOM is coming and 

deposited behind shifted crest of ripple. These steps are then repeated. 
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In Fig. 7.12, we can confirm that CPOM deposition is increasing and propagating 

with the development of ripples. CPOM deposition amount was measured at 

representative point in vegetated area as shown in Table 7.2.  

 

Table 7.2 Measured CPOM deposition amount at representative point(Case-2) 

x(cm) X=40 X=50 X=60 

CPOM deposition 

amount(/cm
2
) 

14.25 6.50 3.00 

 

By measuring each parameter of ripples at measuring section (x = 30−60cm) , the 

averaged wave length of ripple was about 9-10cm (L d = 360−400) , and wave height 

was 0.45 - 0.65cm. And it was clear that each parameter of Case-2 was decreased 

because of CPOM which was reduced the development process of ripples by 

disturbing sand supply from upstream as shown in Table 7.3. 

 

Table 7.3 Comparison of wave length, height and propagation velocity of 

ripple(x=40-60cm) 

X=40-60cm Case-1 Case-2 

Wave length: L(cm) 10 9 

Wave height: H(cm) 0.65 0.45 

Propagation velocity: 

Uw(cm/s) 

0.021 0.019 

 

7.4 Modeling of POM deposition with ripple 

7.4.1 Model concept 

The flume experiment made it clear that CPOM was captured behind the crest of 

ripple by separation vortex, then they were deposited and buried in ripples with time 

progress. Bed load transport can be described by the formula proposed by Ashida & 

Michiue (1972), and written as Equation (3.15). 

This equation has a dimensionless form, and it may be applied for the various 

particles which have each different size and relative density (σ/ρ). 

The Equation (3.15) is consisted of two kinds of important factors of bed load 

motion such as sediment number density vg and particle velocity ug as follows Ashida 
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& Michiue (1972). 
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Bed load transport rate has the following relationship with the above two kinds of 

factors. 

 

3

3B g gq v u A d  (7.5) 

 

where A3 = geometrical coefficient of sand; μR = friction coefficient of sand (0.4)  

ϕd= 6.8(constant); τ* = dimensionless tractive force; and τ∗c = critical tractive force. 

 

 

 

Fig. 7.12 Concept of deposition process of CPOM with ripple. 

 

The CPOM particles transported to the lee side of crest of ripple can be described 

by using the accumulation of supplied number density vg, particle velocity ug and 
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capture ratio ψ During the 1
st
 step of time progress(Δt), CPOM is captured by the 

trough of ripple (ψvgugΔt) , and number of ripple will be increased toward 

downstream part (tk=kL/Uw=kΔt, k: number of ripple) according to the sand 

deposition.  

They are buried and deposited along the longitudinal direction (Δx) while the ripple 

migrate one wave length. Thus, CPOM is deposited on a straight line which is 

connected with the trough of ripple (see Fig. 7.12). And then, temporal change of 

CPOM deposition amount can be calculated at representative point of vegetated area 

(xj = x0 + jL (j=1~k)) according to each time step. 

 

 

 

Fig. 7.13 Model concept of CPOM deposition process with ripple. 

 

 Accumulated deposition of CPOM (in number) Nkj from x1 to xj along 

longitudinal direction according to the temporal change tk could be calculated as 

shown in Fig. 7.13. When a first ripple is formed (t = t1), the accumulated amount of 

CPOM at representative point (x1) is evaluated by (N
*
11=ψ(N*=N/[vg(ug/Uw)]). As for 

the second step (k = 2), two ripples are formed. Accumulated amount of CPOM N∗
21 

is described with sand re-entrainment according to ripplemigration presented as the 

capture ratio ψ and the residual rate β written as follows (N∗
21= ψ(1+β)). At the same 
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time, N∗
22 in ripple of downstream part is described as ψ(1- ψ β). 

As above mentioned, we can calculate the temporal and spatial distribution of 

CPOM deposition with interaction of ripple by using the conceptual model. 

 

7.4.2 Simulation of CPOM deposition and comparison with flume 

experiment 

Fig. 7.14 shows the comparison between calculated and evaluated results of CPOM 

deposition by using the conceptual model we proposed. The temporal and spatial 

change of CPOM deposition amount was calculated by using the proposed model on 

the basis of assumption of ψ = 0.7 , β = 0.4 . Ripples were formed at 500 seconds 

intervals ( tk= kL/Uw = kΔT, L=10cm, Uw =0.02 cm/s) based on our experimental 

results. Bar graph represents the calculated CPOM deposition amount N* for every 

time during 2000 seconds at representative point of vegetated area (xj=x0+jL(j=1~k), 

x0=30cm, L=10cm).  

 

 

Fig. 7.14 Comparison between calculated and evaluated results of CPOM 

deposition. 

 

The point of CPOM deposition is propagated in the downstream direction with the 

migration of ripples according to time progress. And CPOM deposition amount at 
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each point is increased with the development of ripples, and propagated to the 

downstream. These characteristics of CPOM deposition were represented well by our 

calculation as shown in Fig. 7.14. 

X marks in the figure represent the evaluated CPOM deposition amount by using the 

measured experimental data of CPOM deposition amount at 1200 seconds after the 

flume experiment starts. They are evaluated by using the relationship between several 

factors of ripple migration and bed load transport rate based on the following 

equation (N∗= N/[vg(ug/Uw)]) and these each value of Uw=0.02cm/s, ug=5cm/s 

(estimated by Equation (7.3)) vg= 0.06cm
2
 (calculated based on the supplied POM 

ratio and ug), N (measured CPOM deposition amount by flume experiment, see Table 

7.2). The figure shows the comparison of the evaluated results at 1200 seconds with 

the calculated results with time progress. The calculated value agrees well with the 

evaluated value. Therefore, our conceptual model is effective to understand the 

general tendency of temporal and spatial change of CPOM deposition as shown in Fig. 

7.14. 

 

7.5 Concluding Remarks 

In this chapter, our efforts have highlighted on evaluation of POM deposition on 

sandbar which is characterized by vegetated area and fine sand deposition there. We 

investigated the deposition mechanisms of sediment and POM through a field 

observation.  

First, deposition mechanisms of sediment and POM by the field observation can be 

described as below. 

 

1. Investigation was conducted on Yahagi river(Chubu region, Japan). We 

selected a conspicuous island sandbar covered with vegetation. The whole 

sandbar is submerged during flood. The bed was composed mainly cobbles 

and boulders as basement rock. Tasks included measuring the topography of 

sandbar and the thickness of sediment deposition layer, observing the spatial 

distribution of vegetation, analyzing the grain size distribution of deposited 

sediments and the quantity of particulate organic matters contained the 

deposited sediments. 

2. Elevation difference increase from upstream toward center of sandbar. It is 

shaped like a mountain which elevation difference appears to become smaller 

toward downstream. The largest part of elevation difference is slightly below 
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the center of sandbar. 

3. Variation of elevation difference appeared gently at the upstream and 

downstream. However, Variation of elevation difference appeared rapidly at 

the center of sandbar. 

4. Deposition thickness and relative height of sandbar is the highest slightly 

backward from center of sandbar. It is possible to surmise that this deposition 

phenomenon is caused the deceleration of flow velocity by vegetation worked 

the resistance of longitudinal water flow. 

5. The grain size of deposited sediment in longitudinal direction was coarse in 

upstream part, became finer from up to downstream part of sandbar. Their 

distribution in transverse direction was coarser in water-line than inland part 

as same tendency with longitudinal direction. 

6. The POM content become increasing from upstream to downstream part. 

Details of POM content shows that upstream part of sandbar are mainly 

composed of CPOM, on the other hand FPOM is mainly deposited at 

downstream part. The reason why POM size smaller than 0.16mm did not 

deposited is that flood transported all of them. 

After the basic deposition characteristics were extracted by the field observation, 

We observed the deposition mechanisms by the laboratory experiment. The 

conclusions are summarized that ripples are formed by the bed load in the riparian 

vegetation. And CPOM is captured by through of ripples formed by the wave action.  

In contrast, their multifunction of movement of both sample were decreased the 

propagation velocity of wave height and length of ripples. Then, POM behavior with 

ripples is described by a conceptual model which will affect other aspects in 

ecosystem management based on fluvial processes. 
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CHAPTER 8 

  

GENERAL SUMMARY AND CONCLUSIONS 

 

8.1 General 

In order to manage river from the viewpoints of flood mitigation, water resources 

utilization and ecosystem conservation, river flow and morphological changes there 

would be fairly understood and reasonably described.  

Especially vegetation plays an important role in fluvial processes, and fluvial 

processes in streams with vegetation have become hot topics in river hydraulics. 

Because it significantly affects flow, sediment transport and bed morphology, while 

morphology governs growth and decay of vegetation with flow regime. Better 

understanding flow processes provided by vegetation in the stream requires detailed 

flow structure. So there have been many hydraulic and numerical model tests and 

field trips to understand the hydrodynamic and morphodynamic characteristics of 

vegetation zone by many researchers. 

To date, many kinds of research have been performed to analyze hydrodynamical 

and geomorphological characteristics of riparian vegetation zone, but several issues 

remained. Thus, this research conducted field observation, experimental and 

numerical studies to understand 2-D hydrodynamic and morphodynamic 

characteristics of vegetation. 

For experimental research, a model vegetation made by a group of cylinders made 

of bamboo arranged in staggered pattern was set in the interval of 5m in a flume 20m 

long and 0.5m wide with the constant slope. 

For numerical research, 2-Dimensional numerical model made by Nagoya 

hydraulic, which is able to simulate flow fields vegetation bed variation interaction 

directly, is used to investigate fluvial process and mechanics of sediment transport in 

vegetated area. 

To verify the newly developed numerical model, existing hydraulic model test 
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results were compared with experimental results of this research. 

In addition transport and deposition of POM(particular organic matters) including 

plants seeds were studied through experimental research. 

 

8.2 Experimental studies 

Flood mitigation and ecosystem conservation are simultaneously required in recent 

river management, and understanding and analysis of flow and river morphology in a 

stream with vegetation have become important topics in river hydraulics. 

In this study, we investigated the deposition mechanisms of sediment and POM 

through a laboratory experiment. After we observed the deposition mechanisms by 

the laboratory experiment focusing on two kinds of empirical hydraulic processes.  

Deposition mechanisms of sediment and POM by the laboratory experiment can be 

described as below: 

 

8.2.1 Longitudinal transition in riparian vegetation 

1. Sediment deposition was occurred at the beginning of vegetation area in both 

of cases. Ripples were formed by fine sand and propagated it with time 

progress. In contrast, CPOM is not deposited by itself in vegetated area but it 

deposited with fine sand.  

2. Firstly fine sand formed ripples. CPOM is deposited behind mountain of fine 

sand. Second, fine sand is deposited on CPOM depositions, Finally new 

CPOM is coming and deposited behind mountain and the steps are then 

repeated. 

3. Temporal change of wave length and height of each case at 40-60cm 

downstream part from the beginning of vegetation area was compared. The 

wave length is constant with time progress however the wave height is tend to 

develop. 

4. In particular, the wave height of case 2 is lower than case 1 because the 

phenomena is caused by multifunction of sand and CPOM deposition. The 

decrease of wave height are affected by the quantity of fine sand transported 

into vegetation area whether CPOM exist or not. 
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5. According to comparison of the progress speed of wave length measured of 

each case. Case 1 was faster twice than case 2 because of the influence of 

CPOM deposited in trough of ripple. 

 

8.2.2 Transverse dispersion in riparian vegetation 

1. The movement of suspended sediment transport has good followability with 

fluid motion, hence it predominate in transverse dispersion into vegetation 

area. This is the reason why the deposition width of suspended sediment 

became twice as wide as bed load. 

2. The wave action that caused the active movement of transverse dispersion 

could change the quantity of bed load in lateral direction. The proportion of 

suspended and bed load sediment in mixed sand deposited was 9 to 1. 

Moreover, the bed load was transported more wide than it was transported by 

itself. 

3. Invasion rate of CPOM into vegetation area was measured. Their range of 

movement is expanded according to height of sediment deposition. The 

height and width of sediment deposition is developed with time progress, on 

the other hand tractive force to transport sediment and CPOM in lateral 

direction was decreased according to the development of ridge of sediment.  

4. Deposition of FPOM is increased with coarser sand. FPOM are captured by 

porosity in sediment and deposited, in particular FPOM is tend to deposit at 

backward from the top of ridge of sediment. 

 

8.3 Numerical studies 

8.3.1 Development of numerical analysis method 

To analyze hydrodynamic and sediment transport in vegetated area, 2D depth-

averaged model was newly developed. The developed numerical model can be 

described as follow. 

 

1. The numerical scheme adopted suspended sediment equations for analysis of 
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suspended sediment, based on existing numerical model (NHSED2D; Goto et 

al., (2002)).  

2. 2-Dimensional numerical model, which is able to simulate flow fields-

vegetation-bed variation interaction directly, is used to investigate fluvial 

process and mechanics of sediment transport in vegetated area. 

3. Applications of 2D depth-averaged analysis have become very familiar, 

however, improper treatments for flow in vegetated area often brings 

inaccurate conclusion of the analysis. 

4. To numerically consider bed roughness boundary layer in the vegetated area, 

It will affect other aspects in fluvial processes, which will be clarified 

successively. 

 

8.3.2 boundary layer thickness 

Recently, 2D horizontal depth averaged flow model becomes familiar to be 

recognized as powerful means of stream with vegetation by adding the form drag of 

vegetation. Though it is expected to apply fluvial process of streams with vegetation, 

the shear stress may be underestimated and fluvial process may not be properly 

described. We focused on the bed roughness boundary layer in the vegetated 

area(non-submerged vegetation) to deduce the resistance law in the vegetated area. 

Based on the concept of bed roughness boundary layer, fluvial process with full 

vegetation can be discussed as below: 

 

1. The bed roughness boundary layer thickness θv is subjected to the 

characteristics of vegetation, and dimensional analysis suggests the relation 

between θv /h and λDh. The data obtained the measurements by Liu et al. 

2. Velocity distribution in bed roughness boundary layer in the vegetated area is 

investigated, and logarithmic law is expected to be applied. Though the 

number of the data is small for each run, the shear velocity in the vegetated 

area, u*, is evaluated by fitting the logarithmic law for each run, then the data 

of the all runs are plotted and depicted in the defect law expression. The 

velocity profile follows the logarithmic law though the number of the 

measured data for each run is very few. 

3. The result of sensitivity analysis shows that if the rate of flow is small, water 

depth variation was almost same between conventional model and present 

model. However, the rate of flow increases, the water depth also increases in 
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the present model. The increase rate of water depth is largest in case of 

present model (lamda*D=0.04). The result of sensitivity analysis also shows 

that if the energy slope is small, the water depth was increased. 

4. Sensitivity analysis depicts the relation u*~q, which is more sensitive than 

h~q or U=q. And, it suggests that the concept of bed roughness boundary 

layer should be inevitably taken into account in description of sediment 

transport and fluvial process in streams with vegetation. 

 

8.3.3 Comparison with bed load deposition in decelerated area in vegetation 

 

1. The calculation was conducted by using a program developed for horizontal 

2D depth-averaged flow where the bed friction and the form drag due to 

vegetation are taken into account. 

2. In the conventional way, Keulegan‟s equation is employed for to both non-

vegetated and vegetated areas. While, when the present method is applied, 

Equation (4.7), which is presently proposed for flow with non-submerged 

vegetation 

3. Two kinds of method give good agreements between experimental data and 

calculated depth average velocity and water depth. The numerical model can 

accurately simulate the reduction of depth averaged velocity and increase of 

water depth with impact of vegetation.  

4. As for the shear velocity, which has not directly measured in the experiment, 

the calculated one by the conventional model may be appreciably 

underestimated. The numerical results conducted by new method appear as if 

the vegetation density was to have a high value, shear velocity will become 

more faster. 

 

Comparison of the bed deformation in the full vegetated area between the 

experimental data and the numerical results during time can be described as below: 

 

1. The calculated results, where we employed the conventional resistance law 

and the presently proposed one for the vegetated area, are compared with the 

measured data. The present model can describe the deposition profile with the 

steeper downstream slope with the faster migration because of the higher 

value of the shear stress, and it shows better conformity with the experimental 
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result compared with the conventional model. Thus, it is concluded that 

introduction of the present proposal of the resistance law based on the concept 

of bed roughness boundary layer in vegetated area can bring accurate 

description of fluvial process in vegetated area. 

2. According to the observation on the experiment, If only CPOM particle was 

supplied to the vegetation area, CPOM never deposited itself. Such as this 

tendency also appear that CPOM is transported and flushed away in each case 

of numerical analysis. 

 

Based on the concept of bed roughness boundary layer, fluvial process with half 

vegetation can be discussed as below: 

 

1. Vegetation reduced longitudinal depth averaged velocity. As we can see, Two 

kinds of method give good agreements between experimental data and 

calculated depth average velocity and water depth. The numerical model can 

accurately simulate the reduction of depth averaged velocity and increase of 

water depth with impact of vegetation. 

2. The shear velocity in the non-vegetated reach, u*0=6.5cm/s was obtained by 

applying the equation u*0=√gh0If , while in vegetated reach, u*v=1.2cm/s as 

obtained by using the local velocity near the bed there and the ratio of the 

near bed velocity to the shear stress in non-vegetated area. the calculated one 

by the conventional model may be appreciably underestimated. 

 

Comparison of the bed deformation in the full vegetated area between the 

experimental data and the numerical results during time can be described as below: 

 

1. Transverse profile of bed load deposition with time is depicted with the 

measured profile in the vegetated area at 4min, 8min, 12min and 16min after 

sediment supply. Measurement section is determined at 5.3m point from the 

beginning of vegetation area. The calculated results, where we employed the 

conventional resistance law and the presently proposed one for the vegetated 

area, are compared with the measured data. 

2. Zero point of X-axis indicate that vegetation boundary. Inside of vegetation 

zone represent from 0cm to 8cm. In the case of laboratory experiments, 

deposition occurs inside of the vegetated area. In order hand, in case of 
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numerical model, Bed load deposition appears on the outside of vegetation 

boundary. As time goes on, very small amount of sand came into inside of 

vegetation boundary.  

3. The present model can describe the deposition transverse profile with more 

migration because of the higher value of the shear stress better than 

conventional model. 

 

8.3.4 Comparison with transverse distribution in stream with vegetation 

1. BRBL concept(bed roughness boundary layer) has been applied to 2D depth 

averaged analysis of flow with vegetation. Flow with vegetation has shear 

flow layer near the limited layer determined by vegetation parameter, and it 

governs the resistance law. 

2. BRBL concept is applied to the suspended sediment concentration in vertical 

direction as similarly as the vertical velocity distribution. It gives the ratio 

depth averaged concentration and bottom concentration 

3. BRBL concept governs bed shear stress and successively the kinematic eddy 

viscosity, diffusion coefficient of suspended sediment, entrainment rate of 

suspended sediment. Furthermore, it may governs the transverse mixing. 

4. 2D depth averaged flow analysis with BRBL concept has been applied to the 

flow with vegetation zone, and the followings have been fairly discussed: 

transverse distributions of depth averaged velocity and depth averaged 

concentration of suspended sediment, bottom concentration and its 

equilibrium one, then the deposition rate. 

 

8.3.5 Transport of POM with sediment 

The field observation was conducted to clarify the deposition mechanism of POM 

behavior. Based on the field observation results, deposition characteristics of various 

POM with sand on sand bar with riparian vegetation in field can be discussed as 

below. 

 

1. Investigation was conducted on Yahagi river(Chubu region, Japan). We 

selected a conspicuous island sandbar covered with vegetation. The whole 

sandbar is submerged during flood. The bed was composed mainly cobbles 

and boulders as basement rock. Tasks included measuring the topography of 
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sandbar and the thickness of sediment deposition layer, observing the spatial 

distribution of vegetation, analyzing the grain size distribution of deposited 

sediments and the quantity of particulate organic matters contained the 

deposited sediments. 

2. Elevation difference increase from upstream toward center of sandbar. It is 

shaped like a mountain which elevation difference appears to become smaller 

toward downstream. The largest part of elevation difference is slightly below 

the center of sandbar. 

3. Variation of elevation difference appeared gently at the upstream and 

downstream. However, Variation of elevation difference appeared rapidly at 

the center of sandbar. 

4. Deposition thickness and relative height of sandbar is the highest slightly 

backward from center of sandbar. It is possible to surmise that this deposition 

phenomenon is caused the deceleration of flow velocity by vegetation worked 

the resistance of longitudinal water flow. 

5. The grain size of deposited sediment in longitudinal direction was coarse in 

upstream part, became finer from up to downstream part of sandbar. Their 

distribution in transverse direction was coarser in water-line than inland part 

as same tendency with longitudinal direction. 

6. The POM content become increasing from upstream to downstream part. 

Details of POM content shows that upstream part of sandbar are mainly 

composed of CPOM, on the other hand FPOM is mainly deposited at 

downstream part. The reason why POM size smaller than 0.16mm did not 

deposited is that flood transported all of them. 

After the basic deposition characteristics were extracted by the field observation, 

We observed the deposition mechanisms by the laboratory experiment. The 

conclusions are summarized that ripples are formed by the bed load in the riparian 

vegetation. And CPOM is captured by through of ripples formed by the wave action.  

In contrast, their multifunction of movement of both sample were decreased the 

propagation velocity of wave height and length of ripples. Then, POM behavior with 

ripples is described by a conceptual model which will affect other aspects in 

ecosystem management based on fluvial processes. 
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APPENDIX A 

 

NUMERICAL ANALYSIS METHOD 

 

A.1 General 

The simple method is reported many kinds of manual. Appendix reported that 

because in this study made mention of slight modification about depth correction 

equation that can be obtained from depth-averaged continuity equation. 

 

A.2 Discretization of basic equation 

Discretization of basic equation is carried out by integrating control volume above 

the staggered grid as shown in Fig. a-1. 

 

 

Fig. A.1 Staggered grid 
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The general conservation equation in the scala cell integrates in control volume. 

 

n e n e

s w s w
hU h hW h dxdz S dxdz

x x z z


 
 

        
         

       
     (A.1) 

 

At this time, the following discretized equation is obtained by replacing volume 

with square measure. 
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 c p PS S x z  Right side =  (A.3) 

 

The capital letter in subscript refer to central value of the control volume, small 

letter denotes boundary value of the control volume. 

Equation(A.4) be obtained after arrangement. 
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e e eF h U z   (A.9) 

 

w w wF h U z   (A.10) 

 

n n nF h U x   (A.11) 

 

s s sF h U x   (A.12) 

 

P E W N S e W n S Pa a a a a F F F F S x z            (A.13) 

 

Cb S x z    (A.14) 

 

However, In the place where advection and diffusion coexist, using a central 

difference in advection term is known to cause fatal consequences due to increased 

reynolds number. 

Therefore, In this study use hybrid method. Hybrid method use a central difference 

in case of same or less than level for advection and diffusion. In case of over level, 

the hybrid method use upwind differential scheme. 

Here, the coefficient such as ae, aw, an, as represented by the Equation (a.5)-(a.8) is 

modified as follow: 

 

 max , ,0E E ea a F   (A.15) 

 

 max , ,0W W wa a F   (A.16) 

 

 max , ,0N N na a F   (A.17) 

 

 max , ,0S S sa a F  (A.18) 

 

A.3 Momentum equation of u,w 

Discretization of the momentum equation is equal to scala but it should be noted 

that the position of control volume contact with each other. 
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In terms of surface gradient, It deals with taking aside for another generation term. 

 

 P P E E W W N N S S P w ea U a U a U a U a U gh z h h b         (A.19) 

 

 P P E E W W N N S S P s na W a W a W a W a W gh x h h b         (A.20) 

 

A.4 Solution of discretized equation 

If we know the depth field, the way to solve the above described discretized 

equation get an answer, but here we solve the depth field and equation of motion at 

the same time. Here we shall solve the equation of motion and depth field at the same 

time by simple method. 

Current velocity(u) represent sum of prediction(u) and correction(u’) lead from 

momentum equation in the temporary depth field(h). 

 

~
'U U U   (A.21) 

 

Current depth field(h) also can be expressed as follow. 

 

~
'h h h   (A.22) 

 

A set of prediction values(
~

h ,
~

U ) note that satisfies the momentum equation of U 

when Equation (a.21) and (a.22) substituting into the momentum Equation(a.19) as 

follow: 
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 (A.23) 

 

First term of right side is dominant, ignore second term. 
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Momentum equation of W is obtained similarly to the following equation. 

 

 
~
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If we recreate them for scala control volume are as follows. 

 

 

~ ~

' ' '

2

P N

n yn P N yn

n

h h
x

W d h h d g
a

 
               ;       (A.26) 

 

~ ~

' ' '

2

P S

s ys S P ys

s

h h
x

W d h h d g
a

 
               ;       (A.27) 

 

~ ~

' ' '

2

P E

e xe P E xe

e

h h
z

U d h h d g
a

 
               ;       (A.28) 

 

~ ~

' ' '

2

P W

w xw W P xw

w

h h
z

U d h h d g
a

 
               ;       (A.29) 

 

And it is when continuity equation discretize as follow: 

 

0e e w w n n s sh U z h U z h W x h W x         (A.30) 

 

u, w, h divided by predicted value and corrected value is substituted in 

Equation(a.30). 
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 (A.31) 

 

If high order term omitted between the corrected value when Equation (a.26)~(a.29) 

substituted in the Equation (a.31), the depth corrected equation is finally obtained. 
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' ' ' ' '
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~ ~ ~ ~ ~ ~ ~ ~
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 (A.38) 

 

If coefficient such as aE,aW,aN,aS could be negative in Equation (a.33)~(a.36), The 

coefficient modified as follow because it will be divergent. 
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Procedure of solution are as follows: 

 

1) Assuming the depth field, u,w calculated in Equation (a.19)~(a.20) 

2) It will require a depth correction amount in Equation (a.32) by using such a 

quantity. 

3) Solve the k,ε equation 

4) Correction of depth 

5) If the error of continuity and momentum equation below a certain value, finish 

the calculation. Otherwise, the calculation return to the first. 

 

Convergence tests was to determine if sum of the residuals of continuity equation 

and momentum equation are satisfied criteria. Be solved discretized equation using 

TDMA. In addition, basic equation of flow has strong non linearity and iteration is 

unstable. Next step to solve this performed as follows. 

 

  11M M

P P P        (A.43) 

 

Where, α: relaxation coefficient, Subscript M: result of m number iteration. 
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APPENDIX B 

 

REFERENCE OF BED MATERIAL SUSPENSION AND 

TRANSPORT IN STEADY UNIFORM CURRENTS 

 

B.1 Bed load transport formulas 

B.1.1 Meyer-Peter Mueller(1948) 

Extensive experiment has carried out by Meyer-Peter and Mueller. The experiment 

were performed in a laboratory flume with a cross-section of 2*2m
2 

and a length of 

50m. Uniform bed material as well as particle mixtures were used in the 

experiments(d=0.4 to 29mm, slope I=0.0004 to 0.02, depth=0.1 to 1.2m). The bed-

load transport rate is expressed 

 

 
1.5

8 0.047b    (B.1) 

 

,

0.5 0.5 1.5( 1)

b c

b

m

q

s g d
 


: dimensionless bed-load transport rate 

,

( )

b c

s mgd




 



: dimensionless particle mobility parameter 

,b cq : volumetric bed load transport rate(m
2
/s) 

,b c ghI  : current-related bed-shear stress(N/m
2
) 

md : mean particle diameter(m) 
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1.5

'/C C  : bed-form factor or efficiency factor 

,18log(12 / )s cC h k : overall Chezy- coefficient(m
1/2

/s) 

'

9018log(12 / )C h d : grain-related Chezy-coefficient(m
1/2

/s) 

h : water depth(m) 

I : energy gradient(-) 

,s ck : effective bed roughness(m) 

/ss   : relative density(-) 

The 0.047- value of Equation (B.1) can be interpreted as the critical mobility 

parameter(θcr). Since, the formula is related to coarse material, the authors preferred 

to use a constant value of 0.047. 

Meyer-Peter Mueller proposed to use the mean particle diameter dm as the 

characteristic paricle diameter, defined as: 
m i id p d . The dm-parameter is about 1.1 

to 1.3 times lager than the d50-parameter for nearly uniform material. 

 

B.1.2 Frijlink(1952) 

The formula of Frijlink essentially is an approximation of the formula of Meyer-

Peter and Mueller(1948) and that of Einstein(1950). 

 

0.5 0.27/( )

, *, 505b c cq u d e    

 

The parameters are identical to those of Meyer-Peter-Mueller(1948). 

 

B.1.3 Bagnold(1966) 

b ghI  : bed shear stress (B.2) 

sins
g

s

gm
 

 


 
  
 

: gravity component (B.3) 
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s bm V : mass of bed load particle per unit area(kg/m
2
) 

 : slope angle 

bV : solid volume of bed load particles per unit area(m) 

s : sediment density(kg/m
3
) 

 

The moving grains exert a normal stress on bed. 

 

  cos coss
s s b

s

V g gm
 

    


 
    

 
 (B.4) 

 

The tangential stress at the bed resisting the moving bed-load grains is: 

 

cos tans
s

s

gm
 

  


 
  
 

 (B.5) 

 

tan : dynamic friction coefficient 

The applied bed shear stress(at the base of moving bed load layer) consist of a 

dispersive grain shear stress(τb,s) and an intergranular fluid bed-shear stress(τb,f) 

 

, ,b b s b f     (B.6) 

 

The dispersive stress(τb,s) is a shear stress which is transferred by grain to grain 

interaction. Since, the moving grains have a velocity smaller than the local fluid 

velocity, the grains receive their momentum from the fluid motion. Thus, the grains 

by receiving momentum resist the fluid motion. The τb,f-parameter is the residual fluid 

shear stress exerted directly on the bed by drag and skin friction. The τb,f-parameter is 

negligible small in the near-bed layer where the grain concentration is high. 

According to Bagnold, grains are set in motion only by the fluid shear stress(τb,f). As 

many layers of bed-load particles will be eroded as necessary to develop a dispersive 

grain shear stress which just keeps the fluid shear stress at the immobile bed below 

the critical bed shear stress for initiation of motion. Thus, the bed load layer acts as a 

protective layer to obtain a stable bed. When there is no bed load layer, each 

successive layer of bed particles will be eroded and suspended because the fluid bed 
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shear stress remains always larger than the critical shear stress. 

Equilibrium of shear stress at the bed requires: 

 

,b s g s     (B.7) 

   , sin cos tanb s s b s bgv gv            (B.8) 

   , cos tan tanb s s bgv         (B.9) 

 

The work(Wr) required to be done by the grain shear stress in moving the bed load 

particles is: 

 

 , cos (tan tan )r b s b s b bW u V u          (B.10) 

 

Defining the volumetric bed load transport(m
2
/s) as qbn,c=Vbub, it follows that: 

 

  , cos (tan tan )r s b cW gq        (B.11) 

 

The available fluid energy per unit area and time is: 

 

a bW u ghIu    (B.12) 

 

Bagnold assumed that: Wr=ebWa, yielding: 
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 (B.13) 

 

,b cq : volumetric bed load transport(m
2
/s) 

b ghI  : overall bed shear stress(N/m
2
) 

u : depth averaged velocity(m/s) 

I: energy gradient 

be : efficiency factor(0.1-0.2) 

tan 0.6  : dynamic friction coefficient 

tan bI  : bed slope 

h: water depth(m) 
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g: gravity acceleration(m/s
2
) 

vb: volume of bed load per unit area(m
3
/m

2
) 

 

B.2 Suspended load transport rates 

B.2.1 Einstein(1950) 

The method of Einstein is based on a parabolic distribution of the fluid mixing 

coefficient and a logarithmic distribution of the velocity. 

The suspended sediment transport rate can be expressed as: 

 

 '

, * 2 1 6511.6 ln 30.2 /s c aq u c a I I eh d     (B.14) 
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  (B.16) 

 

,s cq : volumetric current related suspended load transport(m2/s) 

*u : current related bed shear velocity due to the grains(m/s) 

ac : reference concentration(volume)  '

*/ 11.6bq u a  

a: reference level(=2d)(m) 

h: water depth(m) 

d: particle diameter(m) 

A=a/h: dimensionless reference level 

X=z/h: dimensionless vertical coordinate 

 */sZ w u : suspension number 

e= correction factor 

 

According to Einstein, the suspended load transport is related to the grain shear 

velocity ( '

*u ) and not to the overall shear velocity(
*u ). The reference concentration is 

determined from the bed load transport, assuming a bed load layer thickness equal to 

2 particle diameters. For almost uniform bed material the d65 is taken as the 

representative particle diameter. For graded bed material the size fraction method 

should be used. The I1 and I2 integrals can be determined graphically(see Einstein, 



Appendix B 

 

１７０ 

 

1950) or numerically. The method of Einstein is not given in full detail here, because 

of its complexity. Furthermore, an extensive verification study of white et al(1973) 

has shown that the predicting ability of the Einstein method is much less than 

other(more simple) methods. 

 

B.2.2 Bijker(1971) 

Based on the concept of Einstein(1950), Bijker(1971) proposed: 

 

 , , 2 11.83 ln(33 / )s c b c sq q I I h k   (B.17) 

 

,s cq : suspended sediment transport rate(m
2
/s) 

,b cq : bed load transport rate(m
2
/s) 

1I : integral according to Equation (B.15)  

2I : integral according to Equation (B.16)  

sa k : reference level 

 

The current related bed load transport rate(m
2
/s) is expressed as: 

 
0.27/( )

, * 50b cq bu d e   (B.18) 

 

*u : overall bed shear velocity 

 : mobility parameter 

 
1.5

'/C C  : bed form factor 

C : overall Chezy coefficient 

'C : grain related Chezy coefficient(=18log(12h/d90)) 

b: coefficient(=1 to 5) 

 

Because the reference level is assumed to be equal to the bed roughness 

height(a=ks), the ratio qs,c/qb,c can be expressed as a function of the parameter Z and 

ks/h. 
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B.2.3 Van Rijn(1984) 

The suspended load transport can be described below: 

 

,s c aq Fuhc  (B.19) 

 

1.5

50

0.3

*

0.015a

d T
c

a D
 : reference concentration 

 
1/3

* 50 2

1s g
D d



 
  

 

: particle parameter 

'

,

,

b b cr

b cr

T
 




 : bed shear stress parameter 

2

'

'b

u
g

C
 

 
  

 

: current related effective bed shear stress(N/m
2
) 

0.5

*

g
u u

C
 : current related overall bed shear velocity(m/s) 

'

90

12
18log

3

h
C

d

 
  

 
: grain related Chezy coefficient(m

0.5
/s) 

12
18log

s

h
C

k

 
  

 
: overall Chezy coefficient(m

0.5
/s) 

 , 50b cr s crgd     : critical bed shear stress(N/m
2
) 

'Z Z   : suspension number 

*

sw
Z

u
 : suspension number 

0.40.8

* 0

2.5 s aw c

u c


  
   

   

: stratification correction 

2

*

1 2 sw

u


 
   

 

: ratio of sediment and fluid mixing coefficient 

   501 0.011 1 25s sd T d      : representative particle size of suspended sediment 

,s cq : volumetric current related suspended load transport(m
2
/s),  

 

u: depth averaged velocity(m/s), h: water depth(m), a: reference level, ks: overall 

roughness height(m),  : bed form height(m), d50: median particle diameter of bed 
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material(m), d16, d84, d50 : characteristic diameter of bed material(m), ws: fall velocity 

of suspended sediment, ds: representative particle size of suspended sediment, σs: 

geometric standard deviation of bed material, c0: maximum concentration(=0.65), s: 

specific density, ρs: sediment density, ρ: fluid density, ν: kinematic viscosity 

coefficient, κ: constant of Von karman, g: acceleration of gravity. 

 

The F-factor is: 

 

         

'

'0.5 1 4 / 0.5*
0 0

/ 0.5
ln / / ln / /

Z z

z z h

a h

u a h z
F z z d z h e z z d z h

h a zu

 
    
          
   (B.20) 

 

Equation (B.20) cannot be integrated analytically. An approximate solution 

accurate to about 25% for '0.3 3Z   and 0.01 / 0.1a h  is given by: 

 

   

   

' 1.2

' '

/ /

1 / 1.2

z

z

a h a h
F

a h z




 
 (B.21) 

 

The β-factor yields an increase of the suspended load transport rate, whereas the ψ-

factor yields a decrease of the transport rate. In the lower regime both effects cancel 

out(β=1, ψ=0).  
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