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Synopsis

This paper starts with an overview of recent developments pertaining to sediment routing
systems that may connect fluvid, estuarine and coastal environments. It discusses sediment runoff
anadyses on a basin scale and methodologies for developing a budget of littora sediment. It then
focuses the discussion on recent findings obtained through collaborative research in the framework of
a Center-of-Excellence program. The topics covered include the following: field observations of
offshore-going sediment fluxes in the surf zone; reservoir sedimentation; an interrelationship between
the riverbed morphology and habitat of a class of fish as influenced by sediment runoff; modeling of
the trangport of mixtures of non-cohesive and cohesive sediments with emphasis on wash load;
regppraisa of traditiona flow-control structures for river sabilization; and the dynamics of sediment
gravity flows. Collectively, the coverage emphasizes the importance of addressing highly nonlinear
fluid-sediment interactions.

Keywords. erosion; flow-control structure; littoral sediment budget; reservoir sedimentation; runoff
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1. Introduction

The purpose of this paper is twofold. One is to
present an interim report from the Research Center for
Disaster Environment (RCDE) for contributing to
Ressarch  Project 3. “Atmosphere-Hydrosphere
Modding for Water/Mass Movement in River Basins
and Community-based Hazard Mapping” that has been
progressing in the framework of the 21 Century
DPRI-COE Program, Kyoto University. The other
purpose is to appreciste the importance of
sediment-related processes in fluvid, estuarine and
coasta environments. Note herein that natura
sedimentary landforms such asriver deltas, tidd flats and
beaches are products in exquisite baance among a
variety of naturd forcing. Indeed, they are effectively

in dynamic equilibrium. On a shorter time scale, for
ingance, floods may discharge a great amount of
particulate solids through river mouths to the ocean,
alowing them subject to redistribution. On alonger time
scae, the effect of littora sediment drift by swell may
sort out sand or gravel fractions, nourishing sand or
gravel beaches under favorable conditions.

The above-mentioned would suffice to emphasize the
importance of a full understanding of fluid-sediment
interactions that operate in the Earth surface system
where we live. Certainly, the dynamics of fluid-sediment
systems plays a pivota role toward reducing risks from
naturd hazards to the society. Moreover, such studies
may explore a frontier in the natural disaster sciences.
This sentiment arises from congderation of sediment’s
complex yet intriguing characteristics, which may be



categorized as

- paticulate

- porous

- multi-phased

- interfacia

- multi-scaled.
All of these festures combined make the dynamics of
fluid-sediment systems a challenging filed of sciences
and cdl for an integrated gpproach such asillustrated in
Fg. 1.
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Fig.1. Illustration of: (8) subagueous granular soil

subjected to dynamic forcing; and (b) an integrated

approach to complex fluid-sediment interactions

The organization of this paper is asfollows. Section

2 below draws attention to sediment routing systems
that may connect fluvid, esuarine and coestd
environments. Recent developments relevant to this
subject matter will be reviewed therein, with a
contribution from RCDE (Sub-section 2.4). Section 3
presents four contributions from RCDE regarding the
dynamics of complex fluid-sediment systems. This is
followed by a sketch of targeted future studies.
Concluding remarkswill then follow.

2.  Sediment Routing System

There are a wide spectrum of sediment-related
disciplines that focus on the differing yet interrelated

agpects of the genesis, evolution, transfer and
management of sediments in the Earth’'s surface. A
geographica standpoint, for instance, may classify
sedimentary environments into those with such labels as:
mountainous; fluvial; flood-plain; estuarine; coastd; and
ocean floor. As far as the physica processes of
sediments are concerned, the erosion and sedimentation
are the two most fundamental processes. How can these
processes contribute to the budget of sediment in an
area? This question might be an ill-posed one unless the
tempo-spatid scde under discussion is clearly stated.
Congder, for example, the deivery of sediment by
floods. The depostion of the fluvid sediment in
flood-plains may be viewed as a credit to the budget of
the discharge basin, even though that storage of sediment
may be taken as a sink or debit to the budget of littora
sediment in the subjacent coastal zone.

The just-mentioned suggests the need for a broader
view regarding the physics and management of sediment
ddivery. One such perspective will be obtainable
through sediment routing systems that connect river
basins, coastal oceans and beyond (Allen, 1997). Anidea
of the sediment routing system is illustrated in Fig. 2
(Seibold and Berger, 1993). The geological setting
implied in this figure corresponds to coads in
tectonically active areas (collision coasts in the sense of
Inman and Nordstrom, 1971) under conditions of
reaively mild climate. Such setting may be relevant to
the West Coast of Cdifornia and Japan's many coasts
facing the Pacific Ocean.
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Fig2. Schematic of sediment routing system
(adapted from Seibold and Berger, 1993)

The sediment routing system emphasizes that the
river basins are by no means a closed system in many
cases in terms of the transfer of water, dissolved matter
and sediment. Indeed, the supply of sediments from
rivers to the ocean plays an important role in developing
a budget of littoral sediment (Fig. 3). In what follows,



selected recent studies will shed some light on the
sub-systems of the sediment routing system.
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Fig.3. Principd components involved in the
development of a budget of littora sediment (adapted
from Komar, 1998)

21 Liberation of sediment and reservoir
sedimentation

The weathering and erosion commonly occur in
mountainous areas, making them a “source” zone for
sediment in a given river basin (Fig. 4). The denudation
of hilldopes takes a variety of forms that include surface
erosion, dope falures, landdides and debris flows. The
mass-wasting work in hillsopes may be promoted by the
impact of rain-drops, infiltration of rainwater, overland

flow, groundwater migrations and stream flows.
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Fig4. Hilldope and fluvid process domains dong a
longitudinal gradient (edapted from Kondolf et. 4.,
2003)

The question now arises as to how high the rates of
denudation in Japan's river basins are. Fujiwara et a.
(1999), for instance, presented estimates of denudation
rates over the Japanese Idands at 6km-by-6km intervals
by making full use of 50-m grid, digita topographical
maps. To do o, they correlated measured performances
of sedimentation in reservoirs with dispersons of
dtitudes of the watersheds and arrived at the following
obsarvations. the centra Japanese mountains underwent

the highest denudation rates ranging from 3 to 5 mm/yr;
and the lowest denudation rates equal to or less than 1
mm/yr occurred in the inner belt of southwest Japan, in
the outer belt of northern Jgpan and in the central
Hokkaido. Furthermore, with consideration of these and
other reaults Fujiwara e d. suggested that the
denudation rates closdly related to the Quaternary uplift
rates occurring in the Japanese Idands.

Suzuki (2000) compiled results of surveys regarding
reservoir sedimentation in atotal of 729 man-made dams
throughout Japan that had reservoir capacities greeter
than 1 million m®. He selected 40 dams for purposes of
making precise estimations for specific sediment yield in
the related watersheds. Each of the 40 watersheds
fulfilled the following conditions. (1) located farthest
upstream of a targeted river without sub-watersheds; (2)
the watershed area equa to or greater than 50km? and
(3) the period of operation of the dam over at least ten
years. The averaged specific sediment yidlds in Japan’s
nine geographic regions are shown in Fig. 5. It is
evident that the averaged rate of specific sediment yield
was highest in Chubu region with 1,008 m/kmyr,
which gave riseto adenudation rate of Immvyr.

The “actud” denudation rate in a given watershed
could be somewhat larger in vaue, depending on the
nature and extent of reservoir sedimentation. A reservoir
may trap bed load, while much of wash load at flood
gage is likely to pass through dams with flood water
being rdeased (Sumi, 2003). A quantitative analyss
pertaining to reservoir sedimentation will be referred to
in the next sub-section.
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2.2 Sediment runoff analysison water shed scale

Consider a river basin or watershed. It is common
prectice nowadays for ranwater and sediment runoff
analyses to go hand in hand. There have been significant
advances in the field of runoff anadyss. Weather radar
techniques and digital eevation models (DEMs) are
probably the two magjor factors that have stimulated the
progress in the hydrologic andysis. Indeed, the former
has made it posshle to record and utilize spatialy
digributed rainfal events with markedly high resolution.
The incorporation of digital eevation models with grid
spacing as fine as 50 m has permitted process-based,
precise modeling throughout a targeted watershed. One
such gpplication by Mouri et d. (2003) will subsequently
be described in brief, with the aim of emphasizing the
importance of extreme events regarding sediment
processes.

Mouri et d. (2003) peformed rainwater and
sediment runoff analyses over one year from January to
December 2000. The period of study covered an
extreme event called the 2000 Tokai Raingtorm Disagter.
The study area is located upstream of the Yahagi dam
and accounts for a sub-watershed to the Yahagi river
basin 1,830 km2 in area (Fig. 6). The Yahagi-dam
watershed was represented using a 50-m-grid DEM and
the flow directions were determined for each of the dope
units concerned (Fig. 7).
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Fig.6. A river basin with stream networks (adapted from
Toyohashi River Office, 2004)

For sediment yidd andyss Mouri e d. (2003)

assumed that shalow failures of hill dopes could occur
due to the actions of rainwater infiltration and overland
water flow, and that the volumes of failed soil could flow
into stream channels without delay. Note herein that the
surface geology over the watershed was dominantly of
decomposed granite. Indeed, it is well known that under
aufficiently severe rainfal conditions, decomposed
granite layers may undergo shallow failures. These
consderations led them to develop an infinite-dope
analysis procedure in terms of effective stress for each
dape unit. Sensble application of a hydrologic analysis
made it possble to determine the evolution of the
groundwater table over the watershed, permitting the
changes of pore water pressures to be properly alowed
for. The digtributions of caculated factors of safety under
conditions of peak flood discharge are shown in Fig. 8,
which corresponds to the situation on 17 September 2000.
The calculated pattern of spatid didtributions of soil
faluresisin general agreement with aeria photographic
observetions  avalable  (Mouri, G.; persond
communication).
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Fig.7. Representation of watershed area of Yahagi dam
using grid-based digital elevation modd (Mouri et d.,
2003)

The above-mentioned is only a sngpshot of the
sediment production anadysis performed by Mouri et al.
(2003). They further peformed a comprehensive
time-series andlysis for sediment transport in stream
channels over the year 2000. The modes of sediment
transport considered were: debris flow; bed load;
suspended load; and wash load. The cdculated
performance gave the following estimates:



- tota volume of sediment inflow to the reservoir
=7.0millionm?

- volume of sediment deposited in the reservoir
=2.6 million m®

- volume of sediment escaped from the dam
(mostly wash load) = 4.4 million m®

Surveys of the reservoir bed profiles showed that the
volume of sedimentation in the reservoir increased by 2.4
million m® over the one-year concerned, substantiating
the prediction regarding the volume of the sediment
deposited in the reservoir. No observeaions were
available regarding wash load. However, the predicted
budget of the reservoir sedimentation surely points out
the importance of clarifying the fate and fluxes of wash
load in fluvid processes.

It may aso be appropriate herein to mention that the
Yahagi dam reservoir trapped a large amount of coarse
woody debris during the 2000 Tokal Raingtorm event,
thereby reducing the otherwise occurring disruption
downstream (JSCE, 2001).
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Fig.8. Cdculated distribution of safety factors against
shalow dopefailures (Mouri et al., 2003)

2.3 Analysisof budget of littoral sediment

Coadtal erosion is a serious issue across the country.
However, there are only limited datasets that facilitete a
comprehensive perspective of the extent of coadta
eroson occurring in Jgpan. One such dataset was
provided by Tanaka et d. (1993). They compiled a total
of 607 topographica maps with /50,000 scales at three
different times. Comparisons of the locations of the
coadtlines in the representative years of 1905 and 1973
showed a net loss of land area equa to 5,059 ha,
corresponding to 72 halyr. Notably, the rate of coastal

erosion doubled in the following ten years or so. In fact,
comparisons of the locations of the coadtlines in the
representative years of 1986 and 1973 revealed anet loss
of land area of 2,395 ha, corresponding to 160halyr.

In order to cope with coastal erosion, it is essentia to
develop a detailled budget of littord sediment on a
relevant cell scae. One such example daborated by
Kuniedaet al. (2002) for the Suruga Coast is presented in
Fig. 9. The main cel in this figure covered a section
approximately 15km long aongshore and consisted of a
tota of 39 sub-cdls The offshore boundary
corresponded to a water depth equa to 10m. Fluxes of
sediment across the boundaries of sub-cels are
represented by arrows. Note that there were three mgjor
marine gtructures such as breskwaters, across which no
littord sediment drift occurred. The imbalance of
sediment fluxes in a sub-cell means the change of the
sediment storage in that cell. The sediment budget
analysis was worked out with consideration of field
performance data available over a period from 1992 to
2000. The prescribed conditions for budget anadysis
included: (1) the supply of sediment from the Oi River
amounted to 500 thousand m?lyr; (2) the accumul ation of
sediment on the upwind side of the Oi Port breakwater
led to sand bypassing of 120 thousand m?>; (3) a part of it
was fed into sub-cell denoted 4b; and (4) the remaining
55 thousand m® was used dsewhere and (5) sand
nourishment of 8 thousand m® was made for sub-cell
denoted 4b.

In essence, the sediment deivery anadysis by
Kunieda et d. (2002) applied the law of mass
conservation, with consideration of dominant littord drift
directions and of a wave-energy-based formula for
littora sediment fluxes. The calculated performance
clearly indicated that a large part of the sediment input
from the mgjor river (the Oi River) went offshore (flux

), and that the presence of a submarine canyon
offshore promoted a significant sediment flux toward it
(flux ). Thesefluxesbecame significant debitsto the
budget of thelittoral cell under discussion.

The conclusions described above may be relevant
also to Japan's other coadts that are exposed to oceans
with submarine canyons offshore. The fate and fluxes of
offshore-going particulate solids await further scrutiny in
terms of their nature and grain Sizes.
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a., 2002)

24 Measuring littoral sediment fluxes under stormy
conditions

Studies of coastal current induced by both wind and
wave are important in addressing shoreline changes
especidly in the aress facing the Japan Sea. Since the
Japan Sea is a semi-closed and fetch-limited ocean, the
effect of swell is relatively smdl compared with coasts
facing the Pacific Ocean (Kato et a., 20023). It is
important in this regard to note that the sediment washed
out offshore in winter monsoon conditions will hardly be
transported back onshore by swdl-related wave action.
The just-mentioned is in fact a conclusion obtained from
extensive field measurements that have been conducted
in the Ogata Coast every winter since 1997 (refer, for
example, toKatoet d., 20024, b).

Here we present a set of field observations that focus
on the off-shore going currents in winter monsoon
conditions and associated transport of littoral sediment.

The particular fidld observations were made at the
offshore end of the 255m-long observation pier of the
Ogata Wave Observatory, RCDE, over 28 hours from 8
am of 9 February to 12 am of 10 February in 2002 (Kato
et d., 2002b). The sea was in stormy conditions. The
significant wave heights exceeded 2 m and the average
wind velocities were 10m/s or higher. The maximum wa
ve height reached 4.5m, while the maximum wind speed
recorded 15m/s. The transducers used include the
following (refer to Fig. 10): wave gauges of ultrasonic
type; three-component anemometers, a 1200-kHz
acoustic Doppler current profiler (ADCP); and a laser
in-gtu scattering and transmissometry (LISST-25).
The ADCP endbled the determination of profiles of

horizontal velocities with depth in the water column.
The associated, measured profiles of concentrations of
suspended load are shown in Fig. 11 for five different
Stuations (8) through (€) that are indicated in the
uppermost diagram. When the sea was less stormy, the
profile of the concentration of suspended load took a
digtribution that decayed continuoudy upwards (see
profiles denoted by (a) ). By contrast, when the sea got
sverer, the didribution of sediment concentration
departed markedly from a smple upward-decaying
curve, especidly near the water surface. It is interesting
herein to note that according to the ADCP measurements,
the mixing of air bubbles across the water surface was
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Fig.10. Layout of instruments in field measures at the
OgataWave Laboratory (Kato et d., 2002b)
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Fig.11. Measured profile of concentrations of suspended load and air bubble (Kato et d., 2002b)

promoted under bresking wave conditions. With the
measured current velocities and sediment concentrations
being carefully combined, Kato et d. (2002b) were able
to estimate the offshore-going fluxes of suspended load
in the surf zone. The maximum flux thus estimated was
of the order of 2.0x10* m%¥sm, emphasizing the
importance of wind- and wave-induced coastal currents
in the transport of littora sediment.

Admittedly, the undertaking outlined above was a
sort of point-wise field observations with high resolution.
Integration of such ventures within the framework of
littoral sediment budget will provide anew look at beach
€r0SiON Processes.

3 TheDynamicsof Fluid-Sediment System

3.1 Implications of sediment runoff upon river

ecosystems

Reservoir sedimentation closdy relates to sediment
runoff in watersheds and has inspired a diverse range of
ideas to cope with it. A fundamental reasoning aims at
promoting a baance between sediment inflows and
outflows. This leads to techniques such as sediment
bypassing, sediment pass-through and sediment remova
by flushing or dredging (Morris, 2003). One of the most
important considerations herein is to carefully examine
the possible influence of the resulting sediment supply
upon the integrity of aquatic ecosystems downstream and
beyond.

Fujita et a. (2003) conducted field experiments for
looking at possible impact of sediment flushing from

sabo dams upon fish behavior in mountain streams.
The experiments took place in the Hiru-dani
experimenta watershed of the Hodaka Sedimentation
Observatory, RCDE. The torrent under study is located
in the upstream of the Gamata River with a watershed
area equal to 0.85 kn?. The Hiru-dani torrent has bed
dopes of 0.1 to 0.2 and is characterized by step-pool
configuration (Photo 1). The stream beds are covered
with armor coats, and char, akind of trout, lives in pools
or neighboring stagnation zones of the stream banks. The
experiments involved opening sediment-flushing gates of
a sabo dam 4.7 m high and 7.5m wide, thereby
discharging water and sediment downstream in a
controlled fashion. Here only case 2 of the experiments
by Fujitaet d. (2003) isdescribed in brief.
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Photo 1 Step-pool configuration in the Hiru-dani
torrent (Fujitaet d., 2003)

The sediment flushing lasted for 2 hrs, with a water
discharge of 0.049 m¥s and a tota volume of flushed
sediment equa to 40 m’. Finer fractions of the



discharged sediment flowed down in the form of
suspended load. By contrast, coarser fractions moved
down as bed load with a dower flow velocity. A total
of 20 members of char were confirmed in the reach
downstream of aweir immediately before the start of the
sediment flushing (Fig. 12). The front of the bed load
came to arive a the weir approximately 2 hours later
following the start of the sediment flushing, while turbid
water with suspended load had dready flown past the
welr. At an eapsed time of 2 hrs from the start of the
sediment flushing, 15 members of char were observed to
stay at locations near the initial locations. However, only
8 members of char were found to stay in the habitat unit
a an eapsed time of 2 days from the start of the
sediment flushing. These observetions led Fujita et al.
(2003) to conclude that the sediment discharge in the
form of bed load significantly affected the behavior of
char by burying pools and making them inhabitable at
least for sometime.

The sediment flushing lasted for 2 hrs, with a water
discharge of 0.049 m%s and a totd volume of flushed
sediment equa to 40 m°. Finer fractions of the
discharged sediment flowed down in the form of
suspended load. By contrast, coarser fractions moved
down as bed load with a dower flow velocity. A total
of 20 members of char were confirmed in the reach
downstream of awer immediately before the start of the
sediment flushing (Fig. 12). The front of the bed load
came to arive a the weir approximately 2 hours later
following the start of the sediment flushing, while turbid
water with sugpended load had dready flown past the
wer. At an dapsed time of 2 hrs from the start of the
sediment flushing, 15 members of char were observed to
day at locations near the initial locations. However, only
8 members of char were found to stay in the habitat unit
a an eapsed time of 2 days from the sart of the

sediment flushing. These observations led Fujita et d.
(2003) to conclude that the sediment discharge in the
form of bed load significantly affected the behavior of
char by burying pools and making them inhabitable a
least for sometime.

In essence, the experiments of Fujita et a. (2003)
point out that in addition to turbidity in flowing water,
the mode of sediment trangport proved to be an
important consideration in addressing sediment flushing
dnce there exiged an interrdationship between the
riverbed morphology and habitat of aclass of fish.

32 Modeling of non-cohesve and cohesive
sediments

The didribution of non-cohesve and cohesive
sediments in weater bodies or channds is of great
environmental significance. It may lead to zonation of
sand, mud or mixed deposits and exert a control
regarding areas that collect nutrients or pollutants or both
(van Ledden, 2002). However, there have been few
dudies that focus on the transport of mixtures of
non-cohesive and cohesive sediments despite their
abundance and importance in aguatic systems.

Nakagawa and Zhang (2004) proposed a workable
procedure for predicting the transport of total sediment
load and associated morphological changes in aluvia
rivers.  The sediment transport model incorporates bed
load, suspended load and wash load. Wash load is
defined as fine particulate matter whose grain sizes are
equa to or less than 75u m. Note tha gpart from
conventional terminology, the wash load is of cohesive
nature and exchanges with bed materia. In what follows,
features of the sediment trangport model by Nakagawa
and Zhang will be referred to, dong with demonstrated
predictive capability.

The bed morphology evolves with the trangport of
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Fig.12. Changesin thelocations of char following sediment flushing from sabo dam (Fujitaet d., 2003)
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the totd sediment load. Let B, z, and A  respectively
denote the width of theriver bed, the eevation of the bed
and the porosity of the bed materid. Then, conservation
of mass of sediment grains across the bed yidds

B(1—/1)%Zb = B{

s

Xi(e-0)+(E,-0)| @

Here Bsisthe width of sediment depostion, ¢, istherate
of bed load transport, D the near-bed flux of deposition,
E the near-bed flux of erosion, the subscripts s and w
signify suspended and wash loads. The first term on the
right-hand side of Eq. (1) represents the contribution that
arises from an imbalance between inflows and outflows
of bed load. The rate of the bed load trangport may be
affected by the presence of clay content in the bed
surface. This effect is dlowed for in such away that a
formula of cohesionless bed load transport is multiplied
by abed-regime factor f, , which reads

fp =1.0 if Pclay < Pc (29

_ 1= Poay if

fh= 1- pe Pclay> pe (2b)

Here pyay represents the clay content in the bed surface
and p. stands for a threshold beyond which the effect of
the presence of clay content becomes significant. The
ByEs — Dg) term in Eq. (1) represents the net flux of
suspended load near the bed surface and is expressed as

B,(E,-D,)=B, w,(C,-C,) ©)

where Ws is the sediment settling velocity, Cs is the
equilibrium concentration near the bed and C, stands for
the ambient concentration near the bed. The movement
of suspended load in the water column is governed by an
advection-diffusion equation with the BEs — Ds) term
acting asasource term.

The behavior of wash load in the water column isin
generd complex due to interparticle cohesive forces that
may operate. Indeed, particles of wash load may get
flocculated and form larger units of floc, undergoing
larger settling velocities. When flocs stle to the bed,
they may bresk into smaler pieces Overdl, the
movement of wash load in the water column may be
represented using an advection-diffuson eguation that
has the B(E — D ) tem as a source term. The
solution to this equation determines the mean

concentration of dl fractions of wash load.

The question now arises as to how the D, or E, term
for every fractions of wash load may be determined. This
is what Nakagawa and Zhang (2004) detailed in their
paper. It will suffice here to remark the following points
of modeling. The deposition of wash load is taken as a
stochagtic process. The contralling parameters include
the settling velocity of flocs and the probability of
survival of deposited flocs subject to near-bed shear
gress. The rate of erosion of wash load is proportiond to
the excess of the bed shear stress over acritical resstance
to erosion. The reduction in the erosion rate due to the
clay fraction contained is alowed for in terms of the
afore-mentioned bed regime parameter fi..

Nakagawa and Zhang (2004) applied the analyss
procedure outlined above to reproducing a set of
observations in the Yodo river system. Two cases of
analyses were carried out. Case 1 alowed for wash load
whilein case 2 wash load was totally neglected. It can be
seen in Fig. 13 that the caculated bed profile along the
main channel in case 1 for year 1998 compares favorably
with the measured peformance over the 40km-long
reach. If there were no wash load transport in the river,
the resulting bed profile would have been like the dotted
curve (case 2). These comparisons suggest that
sgnificant deposition has been effected by wash load or
fine cohesve materid in the lower reach between
stations 9.8k and 19.4k or theresbouts.

Detailed water-stage measurementsin the Y odo river
system include those made at the Hirakata Observatory,
Ministry of Land, Infrastructure and Transport (near
sation 26k). It is seen in Fig. 14 that the predicted
evolution of the water stage for year 1998 (case 1) well
reproduces the measured performance. By contrast, case
2 with no consideration of wash load underestimated the
water stage at a given eapsed time. These observetions
again emphasize the importance of incorporating wash
load in the assessment of total fluvia sediment transport.

3.3 Flow-control structures for river sabilization: a

reappraisal

Protection of stream channdls againgt eroson has
been and continues to be an important issue in
engineering with aluvia rivers. Strengthening of the
banks may certainly be an effective approach. Reducing
hydrodynamic forces againgt stream banks may also bea
workable gpproach, fecilitating great many types of
flow-control structures such as groins or spur dikes



(Yamamoto, 1996). However, many of those

how the groin could have controlled the direction,
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Fig.14. Comparison of calculated and measured water stage evolutionsin 1998 (Nakagawa and Zhang, 2004)

flow-control structures were built in old times leaving
amost no records of detailed design calculations or field
peformance data. This fact done invites a critica
sientific assessment as to how traditiond flow-control
sructures operated. Indeed, flow-control structures for
river stabilization have recently received much attention
in pardld with increased appreciation of river
ecosystems and fluvial landscape (Ohmoto, 2004).

(8 Impermeable groins

Ishigaki et a. (2004) made an extensive field study of
two groins some 400 years old that stand on the
right-hand bank of the Katura River, Kameoka, Kyoto.
Both of them were of stone construction and hed
orientations being angled downstream, making 65
degrees with the normd to the bank shore. The upstream
groin named Kami-Naizen is practicaly in origind form
36.9m long and 4.95m high from the river bed. The
condruction of the groin was seemingly amed at
protecting the farmland in the downstream flood-plain
againgt eroson. However, it was totaly unclear as to

velocity and depth of the flowing water under a range of
flow discharges.

These observations led Ishigaki e d. (2004) to
perform a range of flume tests on a modd groin for
Kami-Naizen, with a scaling ratio of 1/100. The flume
used was 10m long, 0.9m wide and 0.3m high, with a
discharge control system. The centrd section of the
channd had a movable bed of fine sand with the mean
diameter 0.26mm. The groin was modeled using an
impermeable materia. This idedlization may be justified
by consdering tha the effect of seepage into the stony
groin under rapid discharge was insignificant if any.
The modd groin was kept at a constant height, h, equal
to4.95cmindl of five tests performed. The velocity and
depth of flowing water were varied to give the H/h ratios
of 0.82, 1.22, 1.41, 1.62 and 1.92. Here H represents the
flow depth. The changes of the bedform were measured
under conditions of clear-water scour. The principal
results obtained are shown in Fig. 15. Note that in the
case with H/h=0.82, the flow depth was smaller than the
height of the groin. Under the non-submergence



condition, the approach flow was deflected by the groin,
resulting in a cam-water zone behind the groin. In
contrast, the water flow dong the upstream sde of the
groin converged and became strong enough to meke a
series of scour holes in the area downstream of the head
of the groin. Consider next the case with H/h equal to
1.22. This represents the Situation where the depth of
flowing water over the groin was relatively shallow,
exhibiting practically the same pattern of bedform
changes as observed in the non-submergence case.
However, when the flowing water over the groin became
deeper and faster (in the case with H/h equal to 1.41),
scour became apparent also in the area behind the groin.
When the flowing water over the groin became further
deeper and fadter, the scour pattern changed markedly
(refer to the case with H/h equd to 1.62). In fact,
scouring concentrated in the area behind the groin,
cregting the deepest scour holes in dl the five tests
performed.

Based on the experimental results, Ishigeki et d.
(2004) suggested that the groin in the fidd could
contribute to protecting the downstream bank againgt
erosion, provided the stream water did not overflow at dl
or overflowed only dightly the crest of the groin.
Otherwise, the presence of the groin would have invited
an unfavorable effect, such as promoting extensive scour
in the areaimmediately downstream of the groin.

The question now arises as to how the engineers 400
years ago had known the scientific findings stated above.
Ishigaki et . (2004) in this regard called attention to the
presence of a gorge or congtriction, named Hozukyo, in
the reach downstream of the groin under discusson.
They went on to suggest that the loca people would
probably be equipped with sensible knowledge, through
experience, regarding the extent of the backwater that
could occur in the upstream of the condriction under
floods.

(b) Banda-groin systems

Bandas are a traditiona flow-control work used in
Bangladesh. A bandal has an impermegble top plate
across the water surface, leaving the space benesth open
to flow. Accordingly, the placement of bandals from a
sngle side or both sides of river banks enables surface
flow to be deflected towards the main channel, while the
flow passing through the bandals may promote sediment
trangport. These effects combined lead to degradation or
increased channel depth, which is beneficid for the

maintenance of navigation channds during the dry
season. In the wet season, however, the protection of
channel banks againgt erosion due to flood stage will
becomeacritical issue.

These observations have led Rahman et d. (2004) to
propose a new type of river stabilization structure. It
combines bandal plates with permesble groins
undernegth. In order to examine the flow and
sediment-control  performance, Rahman e d. (2004)
carried out a range of flume tests with movable beds.
Five pairs of bandd plates were combined with
permeable groins, as shown in Photo 2. Note that esch
bandal plate was orientated downstream making 40
degrees with the side walls. The spacing of bandal plates
on ether Sde was four times as long as the latera length
of the groins. Three-dimensiona flow velocities in the
water column were measured with an eectromagnetic
velocimeter, and changes of eevations of the bed surface
were measured usng a laser-type transducer. The
morphologica changes of the bed are shown in Fig. 16.
It is evident that the main channel underwent significant
degradation while marked deposition took place in the
areas between the bandal plates.

H/h=0.82

H/h=1.22

Hh=1.41

Fig.15. Measured morphological changes in bedforms
around groins under four different H/h ratios (Ishigaki et
a., 2004)

Photo 2. Photograph showing the orientation of
bandal platesin aflumetest (Rahman, et a., 2004)



In essence, the new banda-groin system brought
about the two favourable effects. degpening navigation
channel and bank protection through deposition.

Upscding of the bandd-groin construction will
surely be worth attempting so as to assess their flow- and
sediment-control performance in real stream channels.
Advanced three-dimensiona anadysis procedure will
become equaly important to provide deeper indghtsinto
complex flow and sedimentary processes that operate
around such flow-control structures.
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Fig.16. Measured morphological changes in bedforms

around five rows of banda on either side of the channel

(Rahman et a., 2004)

34 Liquefied sediment gravity flows

Submarine landdides may be induced by earthquake
shaking or severe storm waves, and the failed body of
soil can flow out over long travel distances (Hampton et
a., 1996). This statement may be readily understandable
by referring to Fig. 17. Despite large scatter in the data
points plotted, one may observe atrend that the flow-out
distance, L, becomes larger as the volume of failed soil,
V, isincreased. The body of failed soil would transform
itsdf into turbidity current in the course of flowage,
redlizing along flow-out distance. Thisis aplausible yet
speculative inference. Thus integration of fluid-dynamics
and soil-mechanics approaches will be worth exploring
0 as to shed some light on the physics of such
remarkable mass movements underwater. It is of interest
herein to mention that the importance of pore water
pressure in the dynamics of debris flows was pointed out
by Iverson (1997).

Motivated by these observations, Sassa et a. (2003)
developed a two-dimensiona computational code,
named LIQSEDFLOW, 50 as to describe subaqueous,
liguefied sediment flows. The feaures  of
LIQSEDFLOW lie in solving integrated systems of

Navier-Stokes equations (for liquefied soil) and of
consolidation equation (for initidly liquefied but
currently  solidifying soil) under moving boundary
conditions. An idea of the predictive cepability of
LIQSEDFLOW is obtainable from Fig. 18 for a
dam-break problem. Here an initid configuration of
underwater sediment dam (modeled as liquefied oil) is
contrasted with a snapshot of markedly eongated body
of resulting sediment gravity flow at a dimensionless
timeT =7.5.

Miyamoto et d. (2004) conducted a range of flume
experiments s0 as to closely examine flow-out
characterigtics of liquefied or fluidized particulate
sediments. The flume used is shown in Fig. 19. In each
flume test, a deposit of sand was formed in a reservoir
while a rdease gate was completely closed. The
sediment was then subjected to upward seepage flow
under a given discharge velocity, yielding an initially
liquefied or fluidized state of sediment (refer to Fig. 20).
Then, the release gate was swiftly opened, alowing the
sediment to flow out over a horizontal floor in the
channd. The movement of the sediment was captured
using a high-speed CCD camera. The use of particle
image velocimetry technique (Kimura et a., 2001)
provided a useful dataset regarding the evolution of the
velocity field within and around the sediment gravity
flow underwater.
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Fig.17. Retios of flow-out distance, L, to rdative
height, H, of submarine landdides plotted against
volumes of failed soil (adapted from Hampton et d.,
1996)



For a given st of hydraulic and sedimentary
conditions, Miyamoto et a. (2004) repeeted a sufficient
number of flume tests with only the postion of the
high-speed camera being varied. The way in which the
sediment flew out and came to rest is shown in Fig. 21.
The particular sediment was initidly in a fully fluidized
state, with a volumetric concentration ¢ of 38%. The
images taken dfter rdlease of the sediment clearly
indicate the movement of the head of the gravity flow.
The images dso show how the initidly fluid-like body of
the gravity flow underwent solidification in the course of
flowage. Note that for a given sation, the gravity flow
underwent sort of freezing just when the solidification
front reached the flow surface. The entire gravity flow
came to rest when the solidification fronts in every
stations extended to the locations of the flow surface
there. These observations are quditatively consigtent
with what has been predicted using LIQSEDFLOW
(Sessaet d., 2003).

The way in which the liquefied sediment flow speeds
down and comes to re-deposition reflects the two-phase
nature of the particulate soil, encouraging further test
under scaled-up conditions.

T=0
2
= Ligquefied flowr surface
7, — Solhd i ation
T sutace
2 T=75

0 1 2 3 4 5 6

Fig.18. Initid and deformed configurations of liquefied
soil (Sassa et d., 2003)
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Fig.19. Setup for experiments on sediment gravity
flows (Miyamoto et d., 2004)
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the state of sediment (Miyamoto et d., 2004)

4 Further Studiesin Perspective

Sedimentation derives in many cases from extreme
events such as raingorms or floods. In a given
watershed, however, there will be some waiting period
for detailed instrumentetion to capture the processes of
infrequent yet intense sedimentation. The sediment
deposited in reservoirs may serve as a sort of
sedimentary archive that may alow one to decipher the
consequences of the events which occurred in the
watershed over the recent several decades or longer.
The utilization of isotope chemistry or other such
discipline may dso facilitate one to decipher the
sedimentary pathway or provenance in semi-enclosed,
coastal oceans through retrieving cores of recently
deposited sediments, say severa decadesold or so.

Computationa techniques have developed at an ever
increasing rate. However, modeling of sediment systems
il poses a challenge due to their inherent complexity.
Mixtures of particulate solids with a wide range of grain
sizes await further rationd modeling. This venture will
become even more challenging when involving
electrochemicdly active, cohesive sediment. The
sediment bed is essentialy aloose boundary with layered
gructure. Water motion over it promotes transfer of solid
and dissolved matter across the interface between the bed
and the water column. The sediment mobility will



depend on availability of vegetation cover. A full
understanding of these processes will be intriguing in
many ways, apart from immediate gpplications to river
gtabilization or to engineered tidal flats or the like.
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Fig.21. Snapshots of flow-out processes of initially fluidized sediment, together with evolutions of flow surface and
solidification front at four given stations (Miyamoto et d., 2004)

Remote sensing technology will enjoy further
development. Measurements of sediment fluxes in flood
or gormy conditions warrant further atempts for
innovetive technology and engineering. In parald with
the advancement aong this line, one should improve the
accuracy of littoral-sediment budget andysis to a leve
that is compatible with fluvia-sediment runoff anaysis.

5. Conclusions

The foregoing has emphasized the importance of
addressing sediment routing systems that connect fluvid,
eduarine and coadtd environments. The coverage has
dedt with some of the sub-systems, with suggested
future directions of research. The undertaking in the
COE collaborative research framework has facilitated a
deeper understanding of the following sediment-related
processes, warranting further development in years to
come:

1) Resarvoir sedimentation as a sedimentary archive

influenced by modes of sediment transport;

3) Modding for the transport of mixtures of
non-cohesive and cohesive sediments including
wash load;

4) Regppraisa of the flow- and sediment-control
sructures in dluvid rivers from a broader
perspective;

5) The dynamics of high-density sediment gravity
flows, and

6) Littora-sediment budget andyss, with due
condderetion of the fate and fluxes of
offshore-going sediment in the surf zone and

beyond.
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