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ABSTRACT
Dams and reservoirs have during the last decades been built with increased frequency, and even more are under planning or
construction, in regions where soil erosion is prevalent. Without dams, the eroded soil is transported by river flows to the sea.
However, when dams are built, the still water in the reservoirs allows the transported sediment to deposit. This can be a
problem as the reservoir cannot function as originally thought, due to filling with sediments. Hydraulic flushing is one method
available to deal with sedimentation problems in reservoirs. During flushing, the reservoir water is released through bottom
gates in the dam with the intention to erode deposited material from the reservoir bed and carrying the material to the river
downstream from the dam. The main objective of this study is to contribute to the understanding of the active processes and
resulting geomorphology, in the reservoir and the downstream reaches, during flushing. The objective was achieved by two
means, namely, a thorough literature survey and a case study on the Cachí Reservoir and along the Reventazón River, Costa
Rica, during the flushing in 1996. The literature has been reviewed according to: General effects of dams and reservoirs on
downstream geomorphology and biota, prediction of downstream geomorphology due to dam construction, available
desiltation techniques and their efficiencies in different types of reservoirs, models describing flushing and resulting
geomorphology in the reservoirs due to flushing, and finally, downstream gemorphological and biological effects due to
flushing. The field work aimed at describing and trying to interpret the active processes and resulting flow conditions and
geomorphology as follows: The erosion patterns in the reservoir, the released flow with respect to water and suspended
sediment, the amount material deposited downstream from the dam and its relative distribution between river beds and river
banks, and the geomorphology and grain-size characteristics of the deposited sediments in the downstream reaches. The
flushing flow eroded mainly the thalweg deposits, i.e. deposits in the old river channel in the reservoir. Some material was
eroded from local depressions and only a minor amount was eroded from the terraces above the thalweg. Erosion depths were
larger close to the dam (<1,000 m) and far away from the dam (>3,000 m) than in the parts in the middle part of the reservoir
(2,000 m). Both the cross-sectional and the longitudinal erosion patterns could be explained when the depositional processes,
including deposition from density currents, were considered. The released flow could be divided into a water part and a
sediment part. Due to different travel velocities of water and sediment, a phase lag between the peaks of water-discharge and
suspended-sediment concentration existed in the downstream reaches. This phase lag increased with increased distance from
the dam. The magnitude of the water discharge peak decreased in the downstream direction due to attenuation, and the
magnitude of the sediment peak decreased in the downstream direction due to attenuation and deposition of sediment. Due
to the lag time between water and sediment, the first part of the flushing wave eroded old channel deposits and the second part
of the wave deposited flushed-out material. After the sediment peak had passed, mainly transport of the sediment occurred.
The grain-characteristics followed a complicated pattern, which could be explained if, besides water and sediment flow, also
the river slope, erosion of sediment from the bed, and upstream depositional environments were considered. Because the
released sediment load from the reservoir was greater than the flow could carry, much of the material was deposited in the
downstream reaches. The amount deposited decreased with increased distance from the dam. More material was deposited
on the river bed than on the river banks. Due to the existing phase lag between water and transported sediment, the relative
amount deposited on the banks decreased with increased distance from the dam. Furthermore, practically no deposition of
flushed-out material occurred downstream from a knickpoint in slope in the middle reaches. The deposits’ thickness followed
the same pattern as amounts deposited. Generally, a downstream fining of the deposited material due to selective deposition,
could be observed. Deviations from the general pattern could be explained if the flow, river gradient, and channel-planform
pattern were considered.
Key words: Flushing, sedimentation, downstream effects, dam, reservoir, Costa Rica, Cachí, Reventazón
RESUMEN
La frecuencia con la cual se construyen las presas y los embalses ha aumentado durante las últimas décadas, y aún más obras
de este tipo se encuentran en el proceso de planeamiento o de construcción, en regiones donde la erosión del suelo es un factor
predominante. Sin las presas, el suelo erosionado sería transportado por el caudal del río hasta el mar; sin embargo, después
de construidas las presas, el agua estancada de los embalses permite que el sedimento transportado por el río se deposite, lo
cual podría ser un problema al no funcionar el embalse según se planeó debido a que se va llenando de sedimentos. Uno de
los métodos disponibles para enfrentar la sedimentación de los embalses es el vaciado del agua estancada a través de
compuertas en el fondo de la presa, con la finalidad de erosionar el material que se ha depositado en el lecho del embalse y
que el flujo lo arrastre hacia aguas abajo de la presa. El principal objetivo de este estudio es contribuir a la comprensión de
los procesos activos y de la morfología resultante que se manifiestan durante un desembalse, tanto en el embalse mismo como
en el cauce aguas abajo de la presa. La consecución del objectivo se logró de dos maneras: mediante un examen completo de
la literatura disponible y mediante el estudio del embalse de Cachí y del cauce del río Reventazón, en Costa Rica, durante el
desembalse de 1996. La revisión de la literatura disponible se realizó de acuerdo con los siguientes aspectos: los efectos
generales de las presas y de los embalses en la geomorfología y en la flora y la fauna hacia aguas abajo, la predicción de la
geomorfología hacia aguas abajo debido a la construcción de la presa, las técnicas disponibles de desenlodamiento y sus
eficiencias en diferentes tipos de embalses, los modelos que describen el vaciado y la geomorfología resultante en los embalses
debido al vaciado, y, finalmente, los efectos geomorfológicos y biológicos hacias aguas abajo debido al desembalse. El trabajo
de campo estuvo dirigido hacia la descripción y a tratar de interpretar los procesos activos y las condiciones del flujo y la
geomorfología resultantes, de la siguiente manera: los patrones de erosión en el embalse, el flujo liberado en lo referente al
agua y al sedimento en suspensión, la cantidad de material depositado hacia aguas abajo de la presa y su distribución relativa
entre el lecho y las orillas del río, la morfología y las características granulométricas del sedimento depositado en los tramos
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del río aguas abajo de la presa. El flujo del vaciado erosionó principalmente los depósitos localizados en el antiguo cauce del
río dentro del embalse. Alguna parte del material fue erosionado de las depresiones locales y solamente una pequeña cantidad
fue erosionada de las terrazas localizadas por encima del antiguo cauce del río. La profundidad de la erosión fue mayor cerca
(<1.000 m) y lejos (>3.000 m) de la presa que la que tuvo lugar en las partes intermedias del embalse (2.000 m). Tanto los
procesos de erosión longitudinales como transversales pudieron ser explicados cuando se consideraron los procesos de
deposición, incluyendo la deposición debida a las corrientes de densidad. El flujo liberado se dividió en una parte líquida
(agua) y una parte de sedimentos. Debido a las diferencias en las velocidades de tránsito del agua y de los sedimentos, se
presentó, en los tramos del río aguas abajo de la presa, un retraso de fase entre el pico del agua y el pico de la concentración
de sedimentos. Este retraso de fase fue mayor al aumentar la distancia desde la presa. La magnitud del pico del agua decreció
hacia aguas abajo debido a la atenuación y la magnitud del pico de concentración de sedimentos disminuyó hacia aguas abajo
debido a la atenuación y a la deposición. A causa del retardo entre el agua y el sedimento, la primera parte de la onda del
vaciado erosionó los depositos localizados en el antiguo cauce del río y la segunda parte de la onda depositó material
desalojado del embalse. Después de que el pico de sedimentos hubo pasado, lo que se presentó principalmente fue el transporte
de sedimentos. Las características granulométricas siguieron un patrón complicado, el cual podría ser explicado si, además
del flujo del agua y de los sedimentos, se consideraran también la pendiente del río, la erosión de sedimentos del lecho y los
ambientes de deposición aguas arriba. Debido a que la carga de sedimentos desalojada del embalse fue mayor de lo que el flujo
podía arrastrar, gran parte del material se depositó en los tramos del río hacia aguas abajo. La cantidad depositada decreció
al aumentar la distancia a partir de la presa. Se depositó más material en el lecho del río que en las orillas. Como consecuencia
del retraso de fase existente entre el agua y el sedimento transportado, la cantidad relativa que se depositó en la orillas
disminuyó al aumentar la distancia desde la presa. Además, prácticamente no se presentó deposición de sedimentos aguas abajo
de un punto en el que cambia la pendiente, localizado en los tramos intermedios. El espesor de los depósitos siguió el mismo
patrón que las cantidades depositadas. En general, se observó mayor fineza en el material depositado hacia aguas abajo debido
a la deposición selectiva. Las desviaciones del patrón general se podrían explicar si se consideraran el patrón del flujo, del
gradiente del río y de la forma del canal.

SAMMANDRAG
Under de senaste årtiondena har dammar och reservoarer byggts med ökad frekvens. Dessutom är fler under förberedelse eller
konstruktion, i områden med framträdande jorderosion. Utan dammar transporteras den eroderade jorden av vattenflöden till
havet. Med dammar däremot, kommer det transporterade materialet att avsättas på grund av stillastående vatten i reservoarerna.
Detta kan vara ett problem eftersom reservoaren inte kan fungera som ursprungligen var tänkt på grund av igenfyllning av
sediment. Desiltationstömning är en tillgänglig metod för att komma tillrätta med sedimentationsproblem i reservoarer. Under
tömningen släpps vatten ut genom dammens bottenluckor för att möjliggöra erosion av deponerat material på reservoarbottnen
och för att kunna transportera materialet nedströms dammen. Huvudsyftet med denna studie är att bidra till förståelse av aktiva
processer och resulterande geomorfologi i reservoarer och nedströmssträckor under desiltationstömningar. Syftet nåddes
genom två medel; en omfattande litteraturstudie samt fallstudier av Cachíreservoaren och Río Reventazón i Costa Rica under
desiltationstömningen 1996. Litteraturen har studerats med avseende på; generella effekter av dammar och reservoarer på
nedströms geomorfologi och biologiskt liv, förutsägelse av geomorfologiförändringar i nedströmsdelarna efter
dammbyggnation, förekommande desiltationstekniker och deras effekt i olika typer av reservoarer, modeller som beskriver
desiltationstömningar och resulterande geomorfologi under tömning, samt slutligen nedströmseffekter på geomorfolgi och
biologi under desiltationstömning. Fältarbetet syftade till att beskriva och försöka tolka de aktiva processerna samt resulterande
flödesförhållanden och geomorfologi som följer: Erosionsmönster i reservoaren; det utsläppta flödet med avseende på vatten
och suspenderat material; mängden material avlagrat nedströms dammen och dess relativa fördelning mellan botten- och
bankdeposition; samt geomorfologin och kornstorlekskarakteristika på det deponerade materialet i nedströmsdelarna.
Desiltationsflödet eroderade huvudsakligen material från den gamla flodfåran i reservoaren. Något material eroderades från
lokala sänkor och endast en liten mängd eroderades från terrasserna ovanför den gamla flodfåran. Erosionsdjupen var större
nära dammen (<1000 m) och långt från dammen (>3000 m) jämfört med området i mitten av reservoaren (2000 m). Både
tvärsnitts- och det längsgående erosionsmöntret kan förklaras när hänsyn tas till depositionsprocesserna, inklusive deposition
från densitetsströmmar. Det utsläppta flödet kan delas in i en vattendel och en sedimentdel. På grund av olika hastighet hos
vatten och sediment existerar det i nedströmsdelarna en fasförskjutning mellan vattenförings- och
sedimentkoncentrationstoppar. Denna fasförskjutning ökade med avståndet från dammen. Magnituden på vattenföringstoppen
minskade i nedströms riktning på grund av utspridning medan magnituden på sedimentkoncentrationstoppen minskade i
nedströms riktning på grund av utspridning och deposition. På grund av tidsförskjutningen mellan vatten och sediment
eroderade den första delen av tömningsvågen gamla bottenavlagringar och den andra delen av vågen deponerade det utspolade
materalet från reservoaren. Efter att sedimenttoppen har passerat förekommer huvudsakligen transport av material.
Kornstorlekskarakteristika följde ett komplicerat mönster som kunde förklaras om det togs hänsyn till, förutom vatten- och
sedimentflöde, även vattendragets lutning, sedimenterosion från bottnen och uppströmsliggande depositionsmiljöer. På grund
av att den utsläppta lasten material från reservoaren var större än flödet kunde bära, deponerades mycket material i
nedströmsdelarna. Mängden deponerat material minskade med ökat avstånd från dammen. Mer material var avsatt på bottnen
än på bankarna. På grund av den befintliga fasförskjutningen mellan vatten och transporterat sediment minskade den relativa
mängden bankdeposition med ökat avstånd från dammen. Dessutom deponerades praktiskt taget inget material i de mellersta
delarna, nedströms en förandring i vattendragets lutning. Det deponerade materialets tjocklek följde samma mönster som
mängden deponerat material. Generellt kunde en nedströms förfining av det deponerade materialet, på grund av selektiv
deposition, observeras. Avvikelser från det generella mönstret kunde förklaras om hänsyn togs till flödet, vattendragets lutning
och förgreningsmönster.
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PREFACE
This thesis is dealing with sedimentological and geomorphological effects of reservoir flushings in
reservoirs and downstream reaches. It can be seen as a continuation of my M.Sc. thesis which dealt
with effects of flushing in the Reventazón River downstream from the Cachí Reservoir, Costa Rica.
It was written jointly with Niklas Strömbäck and Joar Swenning at the Institute of Earth Science,
Uppsala University, Sweden, in 1995. During my M.Sc. thesis, several interesting effects were noted,
but also several questions arose. Since downstream effects of flushings has been very little studied,
I wanted to continue my research within this field. I was admitted to study effects of flushings in the
period November 1995 to November 1998 at the Institute of Geography, University of Copenhagen,
Denmark. Within the framework of a Ph.D. study, a more thorough study could be undertaken so also
the effects in reservoirs have been studied to get a comprehensive picture of the flushing problem. The
field work was, as for my M.Sc. thesis, carried out in Costa Rica between September and November
1996, where the flushing of the reservoir was done during the night of 10 October. All work in Costa
Rica as well as laboratory work and data treatment at the Institute has been done together with my
Ph.D.-student colleague Joar Swenning. Although we have looked at different things, the cooperation
during the field work has enabled fruitful discussions and conclusions. As a result of our common
fieldwork, the article Sedimentological and geomorphological effects of reservoir flushing: the Cachí
Reservoir, Costa Rica, 1996 was written jointly, with equal shares of work effort. The article has been
accepted for publication in Geografiska Annaler and is included as a chapter in this thesis.
Many persons must be thanked for helping me during the study. I would like to thank Margareta
Jansson and Åke Sundborg for directing me to the interesting field of effects of reservoir flushings.
Thanks are due to Joar Swenning for being my best friend and my discussion partner throughout the
period, to my supervisor Bent Hasholt, for showing enthusiasm and helping me to structure my
thoughts logically, and Simone Schipp von Branitz at Institute of Geography’s library and Kirsten
Djørup at Department of Hydrodynamics and Water Resources’ library, Technical University of
Denmark for finding some hard-to-get references. For help during the field work, the following must
be thanked: The Swedish Society for Anthropology and Geography for financial support of the field
work. Alexis Rodríguez, at Instituto Costarricense de Electricidad (ICE), for invaluable help with the
customs, discussions, and cooperation with the hydrological department at ICE. Edwin Porras for help
during echo-sounding of the reservoir, Rodi Rodríguez for help with GPS positioning, all others of
the helpful ICE staff, and finally, Arvey Vásquez Moya for being a very helpful hand during the field
work.
During the stay in Costa Rica, thanks are due to Teresa and Francisco Cordero Alfaro for excellent
housing, Ester and Guillermo Ramírez Mora with family for great company, and Lucía Achoy Arce,
and Leonardo and Diego Ramírez Brenes for being the best friends possible. I would also like to thank
Janne Margrethe Karlsson for support and interest shown in my work, my family in Sweden for
always believing in me, Robert Rasch for, besides being a great friend, giving me a place to stay when
I was new in town, as well as my colleagues at the institute for showing interest in my work.
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Introduction

INTRODUCTION
1.1 BACKGROUND
Sedimentation occurs where river-transported material cannot be carried by the flows. When
constructing a dam on a river, the flow velocities will decrease and the capability of carrying sediment
will decrease. Deposition of material then will occur, which is a growing problem around the world.
When the reservoirs are filled, the volume available for water storage decreases and they do not
function as was originally thought. Several measures exist, whereof hydraulic flushing is one, to deal
with sedimentation problems. Hydraulic flushing means that the reservoir water is released through
bottom gates in the dam with the intention to erode deposited material from the reservoir bed and
carrying these to the river downstream from the dam.
Dam and reservoir construction are not new phenomena, but it is not until the twentieth century that
they have been common around the whole world. This is especially true for dams and reservoirs in the
tropics where soil erosion is prevalent. Therefore, these problems have not received any particular
attention until this century when flushings have been done with increased frequency around the world.
The first attention was directed to the efficiency of flushings, i.e. how much sediment can be released
with a certain amount of water during a certain time. Clearly this is a purely operation-economical
view of the problem. With time, more attention was directed to explaining the erosional processes
during flushing and the resulting geomorphology. With the new knowledge, the management of the
reservoirs could be improved and by that also the efficiency of flushing operations. It is not until
recently, though, that the downstream effects have received any particular attention. Some negative
effects have been known for long time, but practically no thorough investigations have been carried
out. To illustrate the increasing interest in this subject, the numbers of publications in Chapters 2, 3,
and 5 have been used (Figure 1). It should be noted that many of the references do not treat the subject
in depth, so in fact very few papers present thorough investigations within this field. From the figure,
it can be seen that the interest of the processes and resulting forms during flushing has increased in

Figure 1. Number of publications cited in Chapters 2, 3, and 5.

13

Reservoir desiltation by means of hydraulic flushing

the nineties. This increase is probably caused by increasing sediment-management problems and
negative environmental impacts, leading to more research on this subject.

1.2 AIMS OF STUDY
The main objective of this study is to contribute to the understanding of the active processes and
resulting geomorphology, in the reservoir and the downstream reaches, during flushing. A better
understanding is vital for dam operators to be able to manage the reservoirs and downstream reaches
sustainably, not only economically, but also ecologically. This is especially true for the Reventazón
River basin where more dams and reservoirs are planned and are under construction. It is also the hope
that the results found can be of value for the biologist, studying effects of flushings.
The objective will be achieved by two means. Firstly by a thorough literature survey on not only
flushings themselves, but also on closely related areas such as general fluvial morphology, etc., and
secondly by fieldwork on the Cachí Reservoir and along the Reventazón River, Costa Rica. The
literature survey will provide a scientific background for the thesis, so that the results from the
fieldwork can be correctly interpreted. The field work aims at describing and trying to interpret the
processes and resulting flow conditions and geomorpholgy as follows:
! Erosion patterns in the reservoir.
! Released flow with respect to water and suspended sediment.
! Amount material deposited downstream from the dam and its relative distribution between river
beds and river banks.
! Geomorphology of deposited material in the downstream reaches.
! Grain-size characteristics of the deposited sediments in the downstream reaches.

1.3 ORGANIZATION OF THE THESIS
The thesis can be seen as a two-part volume, where Chapters 2 to 6 contain the scientific background
to the problems concerning hydraulic flushing, and Chapters 7 to 12 contain results from the field
study of the Cachí Reservoir and Reventazón River. All chapters can be read independently from the
others. The chapters in both parts are placed after each other, mainly with respect to downstream
distance from from the dam and with increasing time of resulting processes.
Chapter 2 contains a review on different technical solutions to sedimentation problems in reservoirs.
Chapter 3 contains a review on physical and analytical models of reservoir flushings as well as
resulting geomorphology observed in the field.
Chapter 4 contains a review on downstream effects of dams, where the effects are grouped into several
cases depending on released water flow and sediment load from the dam.
Chapter 5 contains a review on downstream geomorphological and biological effects of flushing.
Chapter 6 contains a review on methods available to predict resulting morphology after, for example,
a dam construction.
Chapter 7 presents the physical settings of the Reventazón drainage basin as well as characteristic
water flows and sediment loads transported in the river.
Chapter 8 describes the methods used during the fieldwork and for the analyses of the taken sediment
samples. It also presents results of the amount eroded material from the reservoir, amounts
deposited material in the downstream reaches, and a discussion on the phase lag’s, between water
and transported sediment, effects on deposition.
Chapter 9 describes the resulting geomorphology in the reservoir.
Chapter 10 deals with the released flow during flushing with respect to water, transported loads, and
the characteristics of the transported sediments.
Chapter 11 describes the distribution of the deposited material and its grain-size characteristics.
Chapter 12 contains conclusions from the results during the fieldwork.
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RESERVOIR DESILTATION PART I:
A REVIEW ON DIFFERENT TECHNICAL SOLUTIONS
ABSTRACT
The existing literature on different hydraulic reservoir desilting-techniques has been systematically
examined and evaluated. The emphases have been put on flushing of already deposited sediment and
routing of incoming sediments from upstream, through a reservoir, but alternative methods, such as
transporting sediment through flexible pipes and siphoning, have also been described.
Key Words: Reservoir-flushing efficiency, sluice design, density-current venting, sediment sluicing

2.1 INTRODUCTION
The number of dam constructions has increased during the last decades, particularly in the tropics
where high sediment yields are prominent, and therefore also the problems of reservoir sedimentation.
Filling of the long-term useful storage capacity of a reservoir, which consists mainly of the volume
of the main channel below the elevation of the floodplain, with sediments necessitates removal of
deposits if sustainable reservoir management is to be obtained. This may, for example, be achieved
by regulating the flow and sediments in the reservoir (Fan and Jiang, 1980, referred to by Fan, 1985a).
By removal of deposits, water storage capacity is restored, new storage capacity can be created, and
water intakes can be kept clear (Breusers et al., 1982). The costly practices of removal can be
minimized if a sediment management strategy exists, for the reservoir, to retard the rate of infilling
with sediment and to maximize the long-term storage capacity (Morris, 1995b).
Current sediment management practice focuses almost exclusively on erosional control. While this
is an essential sediment management activity, alone it cannot establish a sediment balance across the
impounded reach and preserve long-term capacity (Morris, 1995a). An integrated approach to
sediment management that includes all feasible strategies is required to balance the sediment budget
across reservoirs (Morris, 1995a). Integrated sediment management include analysis of the complete
sediment problem and application of the range of sediment strategies as appropriate to the site. It
implies that the dam and the impoundment are operated in a manner consistent with the preservation
of sustainable long-term benefits, rather than the present strategy of developing and operating a
reservoir as a non-sustainable source of water supply (Morris, 1996). A sustainable sediment strategy
should also include the downstream reaches, so monitoring data should also include downstream
impacts as well as sedimentation processes in the reservoir (Morris and Fan, 1997).
If designers neglect or underestimate the problem of siltation, they may fail to adopt appropriate
measures for the eventual release of sediment, such as the installation of adequately sized deep bottom
sluices for sediment flushing (Fan and Morris, 1992a). The dramatic and costly measures required to
balance sediment inflows and outflows across the impounded reach of a river have been implemented
at only a few reservoirs to date. However, these measures will become increasingly commonplace
worldwide as reservoirs age and sediments accumulate to the point that reservoir performance
becomes unacceptably impaired (Fan and Morris, 1992a). The sediment removed can be used in
agriculture, as in China, where floods are diverted (Gong and Jiang, 1979), or for concrete production.
In this work, Part I of the series of papers, the emphasis is put on desiltation by hydraulic flushing and
sediment routing through a reservoir. Flushing removes accumulated sediments after they have been
deposited, while sediment routing focuses on either minimizing deposition or balancing deposition
and scour during flood periods. The Chinese slogan, discharge the muddy water and impound the clear
water, is appropriate for describing sediment routing. This can be achieved by seasonal or flood
drawdown, or by density-current venting (Morris and Fan, 1997). Other methods, such as leading the
incoming sediment-laden flows in pipes, passing the reservoir, are also discussed in the end of the
15
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paper. Geomorphological effects in the reservoir and different models of flushing is reviewed in detail
in the companion paper Part II, and the effects of flushing in the downstream reaches is treated in Part
III.
Earlier reviews on different desilting techniques have been made by Brown (1943) and more recently
by Fan (1985a, 1985b), in two almost identical papers, Brabben (1988) and Morris and Fan (1997).
The review of Brown (1943) contains about 40 references, practically all belonging to the subjects
treated in Part I of this series of papers. Fan’s (1985a, 1985b) reviews contain about 20 references, all
belonging to Part I. Brabben’s (1988) review contains 24 references, also they belonging to Part I. The
most comprehensive of the reviews is that of Morris and Fan (1997) where some 85 references are
given. Of these, about 45 belong to the subjects treated in Part I, about 30 to Part II, and about 10 to
Part III. The intention here is to make a more thorough study by gathering information from a wider
range of publications, to present systematically other authors’ results, and draw some conclusions on
the knowledge we possess today. This series of papers also serve as a data base, where further
information on earlier studies can be obtained. A total of 277 papers is referred to. Of these, 187
belong to Part I, 104 belong to Part II, and 48 belong to Part III. Probably Part III will present most
new knowledge to the reader, but also Part I and II should present results that are of interest. Since the
articles on this subject until now mainly have been published in conference proceedings, as academic
theses, or in special reports not readily available, the gathering of the material for this paper has been
difficult. The author is aware that several publications in, for example, Chinese exist, but are not
mentioned here. Therefore, references to works not acquired by the author are marked with ref. and
the authors’ paper from which the reference is taken. Furthermore, the references are written in
chronological order as they first appear in the literature.

2.2 PREREQUISITES FOR DIFFERENT DESILTATION TECHNIQUES
Sediment management is often in conflict with short-termed water-use management. For example will
high water levels, wanted for electricity generation, increase the deposition of sediment. Some times
building a new dam may be more economic than reducing sedimentation or removing the deposited
material (Qian, 1982). Another major problem with flushing is abrasion of bottom gates due to the
high sediment content (Amini and Fouladi, 1985). Therefore could an economic analysis be needed
to determine the economic feasibility of incorporating sedimentation-reduction measures in the dam
building and reservoir operation schemes. Brabben (1988) stated that the economic aspects of
reservoir sedimentation need to be discussed if the benefits of desiltation are to be assessed. An
economic analysis was done on the Sefid-Rud Reservoir, Iran, to compare a variety of sediment
management alternatives (Tolouie, 1989, ref. Morris and Fan, 1997). Economic analyses for different
storage-maintenance measures have been discussed by Sing and Durguno!lu (1990), Zhang et al.
(1992), and Durguno!lu and Sing (1993, ref. Barkdoll and Odgaard, 1995) in terms of reduction of
initial reservoir design storage, cost of installing measures, and cost of removal operations. Zhang and
Feng (1993) described a programming model for solving the multiobjective problem to maximize
power generation, while simultaneously alleviating sediment deposition in the reservoir. Barkdoll and
Odgaard (1995) concluded that economic feasibility of sediment management is complex and subject
to large uncertainty, but in spite of several difficulties, an attempt must be made to determine both
economic and financial feasibility. A recent example on economic modeling for reservoirs where
sediment management is undertaken was shown by Jacobsen (1997). To see which reservoirdesiltation technique is most appropriate for a certain reservoir, some prerequisites for flushing,
sluicing, and density-current venting have been listed below.

2.2.1 Hydraulic flushing
Exemplified by a dam on the Dornbirner Aache, Austria, already Meyers (1912, ref. Brown, 1943)
concluded that, even when most of the sediments are gravel or pebbles, sluicing gates can prove
effective in reservoirs on steep torrential streams. Hemphill (1931) stated that it is doubtful whether
flushing is effective in larger reservoirs, but in most mountain hydropower reservoirs, flushing is the
16
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main and cheapest way of fighting against silting (Gvelesiani and Shmal'tzel, 1971). Bellouni (1980,
ref. Qian, 1982) argued that, since drawdown of water level, to increase the tractive force of the water,
will mean loss of stored water, this solution is only suitable for reservoirs with a yearly excess input
of water. However, keeping a high water level during flushing, i.e. flushing under pressure, is only
an option in reservoirs with small reservoir capacity to water inflow, and large capacity of sluices
(Qian, 1982). Furthermore, flushing is generally more economic for water-supply schemes than for
hydroelectric schemes, due to the flushings’ major impact on power output (White, 1990).
Contradicted to the above, that the reservoir should be small, Bouvard (1992) stated that the reservoir
should be reasonable large so that flushing is not performed too often, disturbing the normal operation
of the intakes. The reservoir bed should also be narrow and well delineated, because wide beds allow
the stream to meander, leading to loss of slope by lengthening of the flow path, and reduced ability
to entrain material due to reduced available tractive force (Bouvard, 1992).
Flushing can also constitute one part of several measures to deal with the sediment. In the Sefid-Rud
Reservoir, Iran, flushing was considered a short-termed method as a long-termed, intensive, watershed
management and training program was developed (Hassanzadeh, 1995). An example of an
investigation to see whether flushing is the best alternative, was carried out by Trommer (1996) for
passing sediments downstream of the Rempen Reservoir, Switzerland. According to Basson and
Rooseboom (1996, ref. Jacobsen, 1997), flushing is most efficient in reservoirs with reservoir volume
to annual inflow volume ratio less than 0.05, but local conditions probably influence efficiency more
so other figures have been mentioned (for example less than 0.3 by Morris and Fan, 1997).
Several reasons exist for flushing not to take place. Gaboury and Patalas (1984) reported that
unusually early and rapid drawdown of water level in winter resulted in severe winterkill of fish in the
Cross Lake, Canada. Furthermore, low water levels in spring prevented pike and walleye to access
spawning areas. A comprehensive study on the effects of flushing on fish was made by Salih (1994)
in the Khashm el Girba Reservoir, Sudan. For this reservoir he concluded that the optimal time for
flushing was when many fish migrated upriver during the flood season. Spork et al. (1995) stated that
pollution of sediments in a reservoir does not allow for flushing. When contaminated deposits have
been detected in a reservoir, the idea of flushing should be abandoned in favour of a suitable dredging
technique, with particular care to the handling of disposal (Scheuerlein, 1995). The economics, such
as at the Tarbela Dam in Pakistan, may reveal that flushing is a possible, but very costly, solution to
the sediment problem (Shakir, 1995). Laws or restrictions may also hinder the performance of flushing
activities. Exemplified by two reservoirs in Switzerland, Bremen and Bertola (1996) described some
general practical difficulties to satisfy rules and recommendations, associated with reservoir flushings,
of local authorities.

2.2.2 Sediment routing by means of sluicing
Pitt and Thompson (1984) proposed that for reservoirs with water storage to inflow ratios smaller than
0.5, sediment sluicing should be considered to maintain or regain storage capacity. This figure
suggests that the conditions for sluicing are not as critical as for flushing, though the effect will be
greater if a smaller ratio is obtained. Scheuerlein (1987, ref. Sloff, 1991) argued that it is easier to keep
sediments in suspension than to erode them after settlement, especially when sediments are
consolidated. This suggests that sluicing of sediment is to prefer before flushing. To decide whether
flushing or sluicing should be used, Bouvard (1992) suggested that if natural flow is greater than the
flow diverted, sluicing is preferable, otherwise later removal of the material that have deposited in the
reservoir should be done through flushing. He also pointed out that sluicing, using surplus water
discharges, will eliminate sediment at no cost.
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2.2.3 Sediment routing by means of density-current venting
Since the reservoir may be impounded during the release of density currents, this method is widely
used in arid regions where water is in shortage (Zhang et al., 1976). Optimal conditions for venting
of density currents include a steep slope of the original river channel, fine sediment from the
watershed area, a relatively short distance of backwater, and bottom sluices located just above the river
bed (Fan, 1985a). The effect is further increased if the sediment concentration is high and the river
channel is in straight alignment (Yoon, 1992). In opposite to flushing and sluicing, Fan and Morris
(1992b) suggested that density current venting may be well suited at large reservoirs with multiyear
storage capacity where drawdown is unwanted. However, more sediments can be released from short
reservoirs with large incoming discharge and high outflow discharge (Tan, 1996).

2.2.4 Summary
As seen above, the conditions for the best result of desiltation do not differ significantly between the
methods. Flushing needs a yearly excess of water, relatively small and narrow reservoirs, and large
capacity of sluice gates. Sluicing requires less water, but the reservoir may be emptied for several
times a year. Density-current venting is preferably used in areas where water is in shortage and where
density of inflowing water is higher than the stored water. It is also an alternative for large reservoirs.

2.3 HYDRAULIC FLUSHING
2.3.1 General
Flushing is not a new technique. The oldest known practice of flushing was referred to by D'Rohan
(1911, ref. Brown, 1943; see also, e.g. Kanthak, 1924, ref. Brown, 1943), who described the method
practised in Spain in the 16th century, where bottom-outlet gates known as the Spanish gates or
undersluices were used. Another early example of removing sediments with large-capacity sluices was
reported by Jordana (1925, ref. Brown, 1943) in the Peña Reservoir, Spain.
The first time a flushing is done, a channel will form in the deposited material, and the next times this
channel will be maintained by the flushing flows (Morris and Fan, 1997). During flushing, erosion of
deposited material from the reservoir will lead to a significantly different timewise pattern of sediment,
released to the reaches below the dam, compared with the sediment inflow (Morris and Fan, 1997).
Flushing can be classified into flushing under pressure and free-flow flushing. Flushing under pressure
means that, during the water release through the bottom outlets, the water level in the reservoir is kept
high. Free-flow flushing means that the reservoir has been emptied and the inflowing water from
upstream is routed through the reservoir, resembling natural riverine conditions.

2.3.2 Flushing under pressure
If flushing takes place under a sustained water level, only a very limited area in the reservoir is cleared
(Schoklitsch, 1935, ref. Brown, 1943; see also, e.g. Krumdieck and Chamot, 1979; Vischer, 1981;
Mahmood, 1987; Sloff, 1991). During flushing of the Margaritze Reservoir, Austria, first a very stiff
and slippy silt and water mixture was squeezed through the bottom outlet followed by a sand-water
mixture with certain flow ability (Rienössl and Schnelle, 1982). When flushing the Mangahao
hydroelectric scheme, New Zealand, for the first time, nothing happened for one day. The next day
silt began to extrude from the dam tunnel and the reservoir emptied, leaving a crater-like depression
in the 13 m of sediment that had overlain the tunnel entrance (Jowett, 1984). The cleansing under
pressure condition occurs by the piping effect produced, which causes part of the sediment to be
eroded and the access to the bottom sluices to be cleared (Wu, 1989). If poorly consolidated fine
sediments have accumulated above the outlet, when a bottom outlet is opened for the first time, also
slope failure can be initiated in the vicinity of the outlet (Morris and Fan, 1997).
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2.3.3 Flushing phases
If the water level is drawn down during flushing, the sediment removal can be divided into several
phases. Brown (1943) stated that flushing is most effective during the first hours, but Gvelesiani and
Shmal'tzel (1968, ref. Fan, 1985a) noted that during the process of sediment flushing, the most active
erosion occurs in a period of eight to ten hours after the practical erosion begins. In a later article they
reported from USSR-reservoirs, that the flow reached concentration values up to 400-500 g L-1 ,
especially at the initial period of flushing (Gvelesiani and Shmal'tzel, 1971). After a certain period of
time the value of turbidity becomes stabilized. They suggested that this being the time when flushing
should be stopped, because the inflowing stream has made its flushing channel and only useful water
will be carried out.
Ramírez and Rodríguez (1992) divided the flushing of the Cachí Reservoir, Costa Rica, into three
phases. The first phase consists of 25 days of slow water release, lowering the water table one meter
per day down to a few meters above minimum level for power generation. The second phase consists
of rapid release of the remaining water, i.e. a lowering of ca 45 m, during approximately five hours.
The third phase consists of free flow of water through the reservoir for two or three days. As in the
Cachí Reservoir, also the flushings of the Gebidem Reservoir, Switzerland, can be divided into three
phases (Rechsteiner, 1996), and another example, the Margaritze Reservoir, Austria, where the phases
are described can be found in Wagner et al. (1996). The amount material removed, differ somewhat
between the reservoirs and the different phases. Most material is released in the second phase at Cachí,
but in the third phase at Gebidem. However, the transition from drawdown to riverine flow during a
maintenance flushing event is always characterized by a dramatic increase in the sediment
concentration discharged from the dam (Morris and Fan, 1997).

2.3.4 Free-flow flushing
When all of the stored water in the reservoir has been released, inflowing water to the reservoir acts
as an erosive agent and a free-flow phase begins. Stevens (1936) reported that the sluice gate at the
Furnish Reservoir, USA, is opened as soon as the storage has been exhausted, permitting the river to
flow through the reservoir, cutting a channel through the silt deposits down to the original gravel bed.
Brown (1943) argued that the highest rate of sediment removal will be obtained in the first few days
or weeks after all stored water has been released. When the stream has reestablished approximately
its original gradient through the reservoir basin, the amount of sediment picked up and transported will
greatly decrease, for only by the slow process of lateral swinging and broadening of its channel can
the flow acquire more load (Brown, 1943).
Gvelesiani and Shmal'tzel (1968, ref. Fan, 1985a) found that partial drawdown of the water level of
the Zemo-Afchar Reservoir, USSR, was not sufficient to hinder progressive sedimentation. Not until
complete drawdown was carried out, desiltation was successful. Furthermore, Krumdieck and Chamot
(1979) pointed out that free-flow flushing can be efficient even under low-flow conditions. The freeflow condition is used when the sluices are clear of sediment and usually begins when the level of the
reservoir is already low (Wu, 1989). If the outlet gates remain open for a period of weeks, scouring
and cutting down into deposited sediments over a prolonged period are permitted (Fan and Morris,
1992b).

2.3.5 Timing of flushing
The timing of flushing is important, both in economical and environmental terms. Mikhalev (1971)
reported that in reservoirs on mountain rivers in the USSR, flushing is performed before the beginning
of the yearly flood. However, these reservoirs were practically silted up again when the flood came.
For reservoirs in mountainous areas, the rivers have a high capacity of sediment transportation and the
proper mode of reservoir regulation is then to have the reservoirs impounded all year round, and
emptied once in several years for scouring (Zhang et al., 1976). Krumdieck and Chamot (1979; 1981)
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suggested that flushing of the Santo Domingo Reservoir, Venezuela, should be performed during the
high-flow season to disturb electricity generation as little as possible. Flushing is done in the end of
the irrigation season both in Algeria (Demmak, 1980, ref. Qian, 1982), and in the Sefid-Rud
Reservoir, Iran, because that is the period of least water demand (Amini and Fouladi, 1985).
Kereselidze et al. (1986) recommended that flushing should be performed immediately before fish
spawn and after they rear the fry. White (1990) argued that wet and dry seasons is an advantage,
because flushing can take place early in the wet season and then be refilled quickly. In Taiwan
flushing is done towards the end of the water supply season and before the beginning of the high flow
season (Wu, 1991). Chen and Zhao (1992) suggested that flushing should be timed to minimize side
effects and maximize sediment discharge released from the reservoir. Flushing at longer intervals than
once or every second year may increase the risk of inefficient evacuations, and will also enhance the
negative downstream effects of flushing (Sundborg and Jansson, 1992). To minimize turbidity impacts
on fishing, irrigation, and tourism, winter was selected for flushing at the Dashidaira Reservoir, Japan
(Wada, 1995, ref. Morris and Fan, 1997).
Shen and Lai (1996) pointed out that especially for cohesive clay deposits, flushing should be done
regularly, before deposits consolidate, to be efficient. Sediment control measures should be started as
soon as possible after dam construction, since they may be much better suited for application during
the early part of the reservoir life than later when substantial amounts of sediment have accumulated
(Morris, 1996). The high-flow season can also consist of an intensive snow-melting period such as
at the Ova Spin Reservoir, Switzerland (Hälg, 1996). Finally, as an additional remark it can be
mentioned that flushing can also be successful during the nonflood season, but because of the lower
discharge it will typically require a longer flushing period than flood flushing (Morris and Fan, 1997).

2.3.6 Efficiency of flushing
The hydraulic efficiency of flushing can be defined in several ways. Some definitions are shown in
Table 1.
Table 1 Different definitions of flushing efficiency.
Efficiency expression
E = Vo / V d
E = L o / Li
E = (V2 - V1) / Vo
E = (V2 - V1) / Vori
E = Tr / (1 - Tf)
E = L o / Ld
E = (Vso - Vsi) / Vo
E = (VoCo - ViCi) / (ρVo)
Ci is total sediment concentration of inflow [kg m-3]
Co is total sediment concentration of outflow [kg m-3]
E is flushing efficiency
Ld is annual quantity of sediment deposited [kg]
Li is annual quantity of sediment inflow [kg]
Lo is annual quantity of sediment flushed out [kg]
Tf is fraction of year used for flushing
Tr is fraction of year that the river’s sediment load will
take to refill V2 - V1

Author
Qian (1982)
Ackers and Thompson (1987)
Mahmood (1987)
Mahmood (1987)
Mahmood (1987)
Atkinson (1996)
Lai and Shen (1996)
Morris and Fan (1997)
Vd is volume of deposit flushed out [m3]=V2 - V1 =(V0 C0
- Vi Ci)/ρ
Vi is inflowing water volume [m3]
Vo is outflowing water volume [m3]
Vori is original live capacity of the reservoir [m3]
V so is outflowing sediment volume during flushing [m3 ]
Ssi is inflowing sediment volume during flushing [m3]
V1 is storage capacity of reservoir before flushing [m3]
V2 is storage capacity of reservoir after flushing [m3]
ρ is bulk density of deposit [kg m-3]

Several factors affect the final sediment-desilting efficiency. Wilson (1903, ref. Brown, 1943) stated
that sluice gates have little effect unless the area of the opening is great. Orth (1934, ref. Brown, 1943)
listed a number of factors affecting the efficiency and stated that the efficiency of flushing is increased:
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the less the depth of stored water
the greater the discharge of the flushing stream
the greater the dimensions of the flushing outlet
the lower the location of the outlet
the more favourable the location of the outlet
the longer the flushing lasts
the narrower the reservoir (steep banks)
the steeper the original stream gradient through the reservoir
the shorter the reservoir
the straighter the reservoir
the more advanced the silting (i.e. as close to dam as possible)
the finer the particles in the sediment
the rounder the particles of the sediment
the younger and the less consolidated the sediment

The influence of water level on desilting efficiency has, for example, been studied by Jarecki and
Murphy (1965) at the Guernsey Dam, USA. By controlled flow releases from an upstream reservoir
during flushing, sediment withdrawal showed to be greater during low water levels and that the rate
of drawdown had no apparent effect (Jarecki and Murphy, 1965). Based on a long data set from the
period 1939-1966 at the Zemo-Afchar hydropower station, USSR, Gvelesiani and Shmal'tzel (1968,
ref. Morris and Fan, 1997) investigated the influence of water discharge on flushing efficiency. They
noted that larger discharges tended to remove more sediment, but produced lower mean sediment
concentrations. From the same reservoir, they also noted that there exists an optimal flushing
discharge, which they described as; when discharge is greater than the optimum value its effectiveness
decreases due to the existence of backwater effects. If flushing discharge is less than optimum, erosion
is decreased because stream power of the flushing flow is below its peak value (Gvelesiani and
Shmal'tzel, 1971). Partl’s (1976) study on reservoirs in Austria showed that the higher the flood, the
more sediments will be degraded by flushing. Flushing is hardly effective if the river flow is less than
three times the annual mean flow (Partl, 1976).
Fan and Jiang (1980, ref. Sen and Srivastava, 1995) came up with an empirical equation to calculate
outflowing sediment discharge due to retrogressive erosion. The outflowing silt load, Lwo , [kg s-1 ] is,
1.2

Lwo ! KQo (S×104)1.8

(1)

where Qo is the outflow of water [m3 s-1 ], S is the slope of the deposits [m m-1 ], and K is a constant of
proportionality. For the Sanmenxia Reservoir, K was found to be 0.0035 (Fan and Jiang, 1980, ref. Sen
and Srivastava, 1995). Xia (1983, ref. Morris and Fan, 1997; see also Chen and Zhao, 1992 and Lai
and Shen, 1996) presented an equation on sediment discharge during flushing based on field data in
Chinese reservoirs,
L!

EQ 1.6S 1.2
B 0.6

(2)

where B is the flushing-channel width [m], E is an erodibility coefficient (E=180 for consolidated clay,
E=300 for median grain size > 0.1 mm, and E=650 for median grain size < 0.1 mm), L is sediment
discharge [t s-1 ] (range 0.0006 to 777), S is the bed or water surface slope [m m-1 ] (range 0.00006 to
0.016), and Q is water discharge [m3 s-1 ] (range 0.1 to 5730). A dimensionless regression equation of
desilting efficiency has been formulated by Wu (1983, ref. Hwang, 1985),
ln C v ! 0.578 " 0.019 ln

u
ud
S " 0.041 ln
ws
ν

(3)

where Cv is content of desilted sediment expressed as a volume percentage, d is depth of the flow in
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the flushing gallery of the dam building, S is energy slope of the gallery, u is flow velocity in the
gallery, ws is fall velocity of the silt particles, and ν is kinematic viscosity of water.
The importance of less compacted sediments was shown by Guo and Li (1984, ref. Fan and Morris,
1992b) at the Hengshan Reservoir, China, where the highest sediment-to-water ratio was obtained if
the flushing process eroded in a previously eroded flushing channel filled with sediment. White and
Bettess (1984) constructed a diagram on the scour limit, in static water, depending on depth and outlet
discharge. For flushing to be effective there must be general movement of water and sediment in the
reservoir, caused by both flow from the low-level outlets and inflow to the reservoir. If outlets are too
small, material removed from the delta deposits will redeposit closer to the dam (White and Bettess,
1984).
The effectiveness of erosion can be increased by rainfall and wind, as in the Sefid-Rud Reservoir, Iran
(Parhami, 1986). To keep a high flushing efficiency for a long period of time, Ackers and Thompson
(1987) suggested that flexibility in the design of a reservoir should be included by constructing many
low-level outlets in the dam, and because the conditions may vary, rigid operation rules should not be
laid down. The importance of the outlets’ dimensions on the efficiency of flushing was investigated
by Paul and Dhillon (1988). They noted that flushing will be more effective the wider the sluice. The
difference of sediment removal between reservoirs can be illustrated by the Cherry Creek Dam, USA,
where as in contrast to the above cases, it does not appear that the different magnitudes or durations
of the discharge has much effect on the removal of sediments (Buchholz and Knofczynski, 1988).
Wu (1989) presented desilting equations based on the capacity of the sluice tunnel in the Gen-ShanPei Dam, Taiwan. For flushing under pressure, the desilting capacity of the sluice tunnel can be
described by
Cw ! 64.9

u 3 #0.45
! gdws "

(4)

uS #0.64
! ws "

(5)

or
C w ! 51.4

and for flushing under free flow, the sluice-tunnel capacity can be described by
Cw ! 847.1

u 3 #0.49
! gdws "

(6)

uS #0.69
! ws "

(7)

or
C w ! 369.3

Cw is sediment concentration [kg m-3], d is depth of flow in the tunnel [m], g is acceleration of gravity
[m s-2], S is energy gradient of desilting tunnel [m m-1 ], u is velocity of flow in the tunnel [m s-1 ], and
ws is settling velocity of particles [m s-1 ].
Scheuerlein (1989) stated that effective sluicing and flushing must be oriented towards minimum of
drawdown and sluicing time. He also presented straightforward approaches, by means of graphs, to
estimate roughly the drawdown level corresponding to a desired flushing effect, i.e. flushing of a
certain grain size (Scheuerlein, 1989, 1990). Bouvard (1992) pointed out that besides hydraulic
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efficiency also the economic efficiency is of great importance.
Sen and Srivastava (1995) formulated the following equation for outflowing sediment discharge due
to retrogressive erosion during flushing,
Lv !

ρsdurS 2Qo
1.5
82666D50

(8)

where D50 is median grain size of deposited material [m], Lv is outflowing silt discharge [m3 s-1 ], r is
hydraulic radius of flow [m], S is slope of deposit [m m-1 ], Qo is outflowing water discharge [m3 s-1 ],
and ρsd is density of silt deposit [kg m-3].
Atkinson (1996) made a thorough study on the feasibility of flushing sediment from reservoirs. He
used Equation 2 and tested this on flushing at several reservoirs around the world. He found that the
observed loads were significantly less than the predicted ones. Therefore, he proposed that a factor
of 3 should be applied to reduce the predicted Qs value if conditions are different from those for which
the prediction method was developed. An even greater factor should be applied where median grain
size is much larger than 0.1 mm or where flushing is to be attempted after a long period of deposition
and consolidation. By using the criteria, long-term balance between the sediment inflow and the
sediment flushed, the volume of sediment remaining in the reservoir compared with the storage
requirement, the cost of flushing compared with the benefits, the degree of water-level drawdown and
its effect on sediment balance, the width of the channel formed, and steepness of the side slopes, a
determination can be made whether flushing is feasible or not (Atkinson, 1996).
High flushing efficiency is not necessarily synonymous with desirable or effective sediment
management. In reservoirs having a significant load of both fine and coarse sediments, short flushing
periods may be effective in removing fines, but longer flushing periods and larger flushing flows will
be required to remove the inflowing load of coarse material. Therefore, if a site is operated to
maximize flushing efficiency, it may continuously accumulate coarse sediment (Morris and Fan,
1997). Morris and Fan (1997) also noted that maximum sediment release will occur when emptying
coincides with high flows and that the amount of sediment released in each stage of flushing varies
from one event to another. Furthermore, effective sediment removal through a high-level outlet can
be achieved only after the bed of the deposits has risen to the level of the outlet (Morris and Fan,
1997).

2.3.7 Model studies on flushing efficiency
An early equation to describe sediment transport during drawdown was developed by Peng et al.
(1981, ref. Shen and Lai, 1996) by relating sediment transport to flow discharge and bed slope in
flume experiments. If material is deposited close to the dam, Takasu (1982) showed by flume tests that
the sediment discharge is larger in the beginning of the flushing operation. He also noted that if water
discharge is increased, a larger sediment discharge will be flushed, devoted to higher contribution from
side erosion. Flume tests, resembling the Gebidem Reservoir, Switzerland, showed that when the flow
was concentrated along the left bank, much energy was dissipated by the rough bank, resulting in low
flushing efficiency. When the flow was spread more evenly over the width, comparatively high
efficiency was obtained (Schälchli, 1987). Based on flume studies, Wu (1989) suggested that the
flushing sluice should be located as deep as possible, water level should be at its lowest, take place
at least once a year, should be intermittent, and resemble free-flow conditions, for best efficiency. He
also presented a desilting equation for the resuspension capacity in a reservoir during flushing,
C w ! 0.30

u3
! gdw s "

(9)
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where Cw is sediment concentration [kg m -3], d is depth of flow [m], g is acceleration of gravity [m s-2 ],
u is velocity of flow [m s -1], and w s is settling velocity of particles [m s-1]. Also Di Silvio (1990)
presented an equation on sediment concentration through an outlet based on physical model tests,
3

CA ! 0.1

uA
Q

2

! 0.1

Q
A #3

(10)

where A is the averaged wetted area of the sluice tunnel [m2], CA is average concentration discharged
through the outlet during the flushing period defined as volume of sediment divided by volume of
water, uA is the velocity of flow averaged over the flushing period [m s-1 ], and Q is the flushing
discharge [m3 s-1].
Pemberton and Orvis (1991), conducted mathematical model tests for settling basins and concluded
that large quantities of clear water in combination with guide walls, for providing narrower more
efficient sluiceways, would be needed to flush a basin completely. Small increases in the bottom slope,
from 0 to 0.001, showed no change in flushing capabilities, but by increasing slope to 0.005 the
sluicing process was improved.
Lin and Wu’s (1991) flume studies showed that free-flow flushing can transport a much greater
sediment load than flushing under pressurized conditions. Desilting capacity for coarse-grained
material through the sluiceway of the Tien-lun Reservoir, Taiwan, was determined (see also Wu,
1991). The desilting capacity of the sluices was described by
C w ! 0.024

u 3 2.66
! gdw s "

(11)

uS 2.54
! ws "

(12)

or
Cw ! 181.4

where Cw is sediment concentration [kg m-3 ], d is depth of flow in the tunnel [m], g is acceleration of
gravity [m s-2 ], S is energy gradient of desilting tunnel [m m-1 ], u is velocity of flow in the tunnel [m
s-1], and ws is settling velocity of particles [m s-1 ]. It can be seen that these equations differ from the
equations given by Wu (1989) (see Equation 6 and 7). The difference of desilting equation between
the coarse material in the Tien-lun Reservoir and the fine material in the Gen-Shan-Pei Reservoir is
considered to be due to different hydraulic properties of hyperconcentrated flow for different grain
sizes (Lin and Wu, 1991). An equation of sediment discharge in the reservoir during flushing was also
presented (Lin and Wu, 1991),
C w ! 1170

w 2/5l 2/5
Q

2/5

(0.56 S 3/2 # 0.0003)

(13)

where Cw is desilting sediment concentration [kg m-3], l is length of desilting reach [m], S is slope
between the location where desilting begins and the sill of the bottom outlet [m m-1 ], w is width of
desilting flow [m], and Q is water discharge [m3 s-1].
Sloff (1991) suggested that, besides flume studies, the efficiency of flushing operations can be
improved by analysing the operational conditions by means of mathematical models that simulate the
phenomena.
A new approach to predict scouring was made by Wang et al. (1997), who found that scour rate is
proportional to the flow’s stream power. They presented an equation on scour rate, defined as weight
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of sediment scoured from unit area of bed in unit time,
Sr ! 0.218

nu
γ
γn 2u 3
γ γ #γ
#0.1 ( s gD)1.5
0.67
0.25
0.33
"
g γ
(γs#γ) d D ! d

(14)

where D is representative grain size [m], d is flow depth [m], g is acceleration of gravity [m s-2 ], n is
Manning’s roughness coefficient, Sr is scour rate [kg m-2 s-1 ], u is flow velocity [m s-1 ], γ is specific
weight of water [kg m-2 s-2], and γs is specific weight of sediment [kg m-2 s-2 ]. This equation has not
been tested on flushing of reservoirs, but show the potential of being valid for free-flow flushing in
the flushing channel.

2.3.8 Case studies on flushing
Several studies on reservoir flushings have been carried out. Below are listed some studies not
mentioned elsewhere in the text. An early example is the study by Jing (1956, ref. Hwang, 1985) who
recommended flushing of the Jensanpei Reservoir, Taiwan. Willi (1981) discussed flushing
experiences from the Innerferrera Reservoir, Switzerland, which compared with earlier made model
tests showed good agreement. Fux (1981) reported on observations of flushing of the Mattsand surge
pond, Switzerland. Hofer (1981) reported from some flushings in Swiss reservoirs. Chaudry (1982,
ref. Mahmood, 1987) reported from flushings of the Warsak Dam, Pakistan. Ordoñez (1984, ref.
Morris, 1995b) described flushing of Spanish reservoirs more than four centuries ago. Farhoodi (1985,
ref. Mahmood, 1987) reported from the Sefid-Rud Dam, Iran. Baba (1986) reported from flushing of
the Akiba and the Senzu reservoirs, Japan. Bhargava et al. (1989) reported from the Ichari Dam, India,
which reservoir is regularly flushed successfully. Yang and Luo (1989) investigated the Gezhouba
Dam on Yangtze River, China, and stated that flushing twice a year will increase sediment discharge
released. Tschada and Hofer (1990) investigated the effects of flushing the Gepatsch Reservoir,
Austria. Li and Fan (1992) described very poorly managed reservoirs in China where the sediment
problem could be tackled after the implementation of flushing. Tolouie (1993, ref. Morris and Fan,
1997) investigated the Sefid-Rud Reservoir, Iran, and presented detailed and comprehensive data on
all phases of sediment management, including supplemental erosion of deposits by using both lateral
and longitudinal channels. Sherman (1995) reported from Rock Creek and Cresta Dams, USA, Flögl
and Flögl (1996) reported on flushing and effects from Urstein hydropower station, Austria, and ValiKhodjeini (1996, 1997) reported on studies at the Sefid-Rud Reservoir, Iran.

2.3.9 Summary
Flushing under pressure creates a scour hole, with a limited area cleared from sediments, close to the
dam. When the water level is lowered, erosion occurs in the area upstream from that affected by
pressurized flushing. The lowering of water level, leading to free-flow conditions, is necessary for
removing maximum sediment amounts. Depending on the sedimentation rates, flushing is performed
up to once a year, often in connection with the yearly flood or at the end of the irrigation season. The
timing is very important when planning for minimization of negative downstream effects.
The efficiency of flushing is dependent on several factors, for example reservoir morphology, flow
characteristics, release policies and techniques, and characteristics of deposited sediments. For longterm sediment management, Ackers and Thompson’s (1987) efficiency parameter in Table 1 will show
if sediment accumulates over time. Mahmood’s (1987) second equation in Table 1 will show if longterm sediment management is at risk, while his first and third and Lai and Shen’s (1996) parameters
take short-term efficiencies into account, i.e. how much water is used.
Of the different formulas used to calculate the amount sediment discharged, the dimensionless
equations have the advantage that they should be more generally applicable. More parameters used
for describing the process should increase the success of predicting correctly, but may be hard to
obtain in the field. The study of Atkinson (1996) must be emphasized as it tries to elucidate, by use
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of Equation 2, and describe, straightforwardly, whether flushing can be considered a feasible
alternative for sediment management.

2.4 SEDIMENT ROUTING BY MEANS OF SLUICING
2.4.1 General
During sluicing of sediment, the water level in the reservoir is drawn down to allow for sedimentladen inflow to pass the reservoir with a minimum of deposition. Early experiences of sediment
sluicing were made at the old Aswan Dam, Egypt, where the dam was provided with sufficient sluicegate capacity to pass the entire flood discharge of the Nile. The sluice gates were opened at the
beginning of the flood period, and the river flowed through the reservoir with no deposition as if no
dam existed (Stevens, 1936). Another early example of successful sluicing is sluicing of the Bhatgarh
dam, India, which probably was the first great dam to be constructed with controllable sluice gates of
sufficient size to pass large flood flows (Brown, 1943).
Fan (1985a) argued that during rising water level of a flood in a flood-detention reservoir, the
outflowing sediment discharge is always smaller than that of the inflow. This is due to the backwater
effect and the consequent decrease in the velocity of the flood waters. Subsequently, during lowering
of the water level, in the absence of a backwater effect, the outflowing sediment discharge is often
greater than the inflow, due to erosion occurring in the reservoir (Fan, 1985a). Released flows with
high concentration often give problems in the downstream reaches. However, sediment routing during
floods minimizes problems of sediment redeposition downstream from the dam since the transport
capacity of the flood discharge is greater downstream from the reservoir than in the reservoir (Fan and
Morris, 1992b). Since inflowing sediment concentration after a flood tends to be highest during the
rising limb of hydrograph, the reservoir can be filled with less turbid water following the flood peak
(Fan and Morris, 1992b). Morris and Fan (1997) pointed out that pass-through periods must produce
bed shear-stress values adequate to transport the target material through the entire length of the
impoundment beyond the dam. An important advantage of seasonal emptying for sediment passthrough is that the peak concentration of sediment released downstream can be smaller than if the
reservoir is operated for flushing (Morris and Fan, 1997).
Some attempts to model the effects of sluicing in the reservoir have been made. Molinas and Wu
(1997) used a modified GSTARS model applied on the Sanmenxia Reservoir, China for calculation
of channel-bottom and water-surface profiles, and Zhou et al. (1997) described a two-dimensional
model to model bed-level changes during a flood in a reservoir. One important feature of the twodimensional model is that it can handle the operation of sluice gates.

2.4.2 Timing of sluicing
Sluicing operations should be timed to meet the higher sediment concentrations brought in by flood
flows (Brune, 1953). The concept of storing the clear water and discharging the muddy water is
practised in many reservoirs in China by lowering the pool levels during the flood season (Zhang et
al. 1976). After reconstruction of the Sanmenxia Dam, China, sluicing efficiency has increased
dramatically. Long and Zhang (1981) reported that, by making the rate of opening bottom gates fast
enough, the rate of the increase of the outflow discharge could be made equal to the rate of the
increase of an incoming flood. The detention effect was then minimized and the least alteration of the
hydrograph of sediment could be observed. Thus, the sediment outflow can be made suitable for the
outflow of water as normally prevail in the natural condition. In the Qingtonxia Reservoir, China, a
lowering of the reservoir operation level facilitated silt discharge and the rate of silt deposition was
greatly reduced. However, a considerable amount of electricity was lost because of the reduced head
(Cheng, 1992). Therefore it was decided to lower the level only when a silt peak was approaching,
showing how valuable short-term forecasts of incoming flood and sediment peaks are for the operators
(Cheng, 1992). Morris and Fan (1997) pointed out that sediment routing needs to begin as soon as
possible after dam construction, as it cannot remove previously deposited material.
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2.4.3 Efficiency of sluicing
Long and Zhang (1981) stated that the amount of sediment sluiced from a reservoir depends on
discharge, slope, and duration of flow. Pitt and Thompson (1984) stated that the effectiveness of
sluicing is dependent upon the duration and the degree to which the reservoir is drawn down and the
discharge capacity of the sluices. They pointed out that generally, effective sluicing has only been
observed where the drawdown level is below about the half-height of the dam and the sluice capacity
exceeds the mean annual flow by at least a factor of two. Smaller sluices have sometimes been found
effective in releasing density currents, but usually they are only effective in creating a local scour hole
and cannot restore reservoir storage (Pitt and Thompson, 1984; see also Ackers and Thompson, 1987).
By comparing the sluicing operation at Roseires Dam on the Blue Nile, Sudan, with the Old Aswan
Dam, Egypt, Mahmood (1987) found that a greater width of the reservoir will decrease sluicing
efficiency.

2.4.4 Case studies on sluicing
As for flushing, some studies on sluicing, not mentioned elsewhere in the text, are listed below. Seavy
(1948, ref. Brune, 1953) noted increased sediment loss from Arrowrock Reservoir, USA, during
sluicing of sediment through bottom outlets at low discharges. Zyrjanov (1973, ref. Fan, 1985a)
reported that lowering of the pool level by 4 to 5 m during a flood season halted the reservoir siltation
of the Ouchi-Kurgan Reservoir, USSR. Xia and Ren (1980) reported from sluicing activities at the
Heisonglin Reservoir, China, Wei (1986), Hong and Chen (1992), and Qian et al. (1993) reported
from the Sanmenxia Reservoir, China, Lin (1992), Hu (1995) and Su (1995) reported from sluicing
activities in China, and Locher and Wang (1995) reported from sluicing activities at the Cowlitz Falls
Dam, USA.

2.4.5 Summary
Sediment routing by means of sluicing has less impact on the downstream reaches than flushing,
because the released concentration is in order of magnitude of the inflowing sediment. Careful timing
is needed for sluicing to be efficient, wherefore rain-gauge stations and automatic hydrological stations
are vital for successful management. Sluicing operations should be started as soon as possible since
old deposits cannot be eroded to any greater extent. The efficiency of sluicing depends mainly on
slope, flow characteristics, and operational characteristics.

2.5 SEDIMENT ROUTING BY MEANS OF DENSITY-CURRENT VENTING
2.5.1 General
Venting of density currents means that the incoming sediment-laden flow is routed under the stored
water and through the bottom outlets in the dam. Laboratory flume experiments on the possibility of
venting density currents where performed already in the twenties by Smrček (1929, ref. Fan, 1985a)
and Schoklitsch (1929, ref. Fan, 1985a). Field observations on venting of density currents in the
Elephant Butte Reservoir, USA, was reported by Fiock (1934). He argued that, as the storage capacity
of the reservoir is more and more encroached upon by accumulated silt deposits, silt flows through
the reservoir may be expected with progressively increasing frequency and duration. What may happen
is that a considerable part of the suspended load is carried through the reservoir and only the bed load
is deposited, if the reservoir capacity is small compared with the annual inflow (Stevens, 1936). Other
early observations on the existence of density currents were reported by, for example, Grover and
Howard (1938) in Lake Mead, USA, and by Zwerner et al. (1942, ref. Brune, 1953) and Johnson
(1942) in Lake Issaqueena, USA. As known to Brown (1943), a water-supply dam on the Patuxent
River, USA, was the first installation made for the special purpose of venting density currents. He also
stated that the evidence then available indicated that well-defined density currents, containing very low
sediment concentrations, may move completely through reservoirs.
Approximate methods for computing the behaviour of density currents and prediction of density27
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current venting from reservoirs have been developed by Fan et al. (1962, ref. Fan, 1985a) and Fan and
Morris (1992b). Because the incoming sediment-laden flow does not mix with the still water in the
reservoir, the muddy flow dives underneath the clear water at the terminal of the backwater region in
the upstream of a reservoir, following the previous course along the river bed, and flows through the
outlets to the downstream (Yoon, 1992). If no siltation-preserving techniques are undertaken, the TF
model to predict sediment routed through a reservoir can be used (Goodwill et al., 1995). Other
attempts of modeling density currents have been made by Hsu et al. (1997), who developed a onedimensional unsteady model for turbidity currents, and Sloff (1997), who tried to develop a model to
study the development of turbidity currents as well as assess their physics. However, he did not
succeed in deriving general operation rules for sluicing turbidity currents through reservoirs.

2.5.2 Timing of density-current venting
Venting operations have much better chance of accomplishing their purpose when they are timed to
intercept gravity underflows as they reach the dam (Brune, 1953). It seems likely that accurate timing
of venting, to intercept gravity underflows, can treble or quadruple the amount of sediment discharged
from a reservoir (Brune, 1953). In the Nebeur Reservoir, Tunisia, venting operation commence when
sediment density of flow exceeds 1.08 (Abid, 1980, ref. Fan, 1985a). Chen and Zhao (1992) described
the venting process in the Nanqin Reservoir, China. They clearly pointed out the importance of correct
timing of gate opening and closing. Either a too late sluice operation or too small opening of the sluice
gates will result in a smaller amount of sediment discharged out of the reservoir. On the contrary, if
the gate is opened too early or the opening is too large, not only the loss of valuable water occurs, but
also a strong velocity field of clear water will be formed in front of the outlet and prevent the turbid
flow from entering the outlet (Chen and Zhao, 1992).

2.5.3 Efficiency of density-current venting
The sediment concentration in the released density-current flow depends on the topographic features
of the reservoir (variation of width of the density current), the magnitude of incoming flood peak,
incoming silt discharge and its sediment characteristics, the outlet elevation relative to the elevation
of reservoir bottom, discharge capacity of outlets, flushing discharge, water level in the reservoir
during venting, the length of the reservoir, etc. (Fan, 1985a). An approximate method, which showed
to be satisfactory to reservoirs in China, for calculating the efficiency of density-current venting
through outlets and predicting the transmission process of unsteady density current has been proposed
by Lu (1992)

2.5.4 Case studies on density-current venting
Two examples of other studies on density current venting are Demmak’s (1980, ref. Qian, 1982) study
at the Ighil Emda Reservoir, Algeria, and Bouvard’s (1996) study at the Serre-Poncon Reservoir,
France.

2.5.5 Summary
When sediment deposition increases and the storage capacity decreases in the reservoir, densitycurrent venting may become more effective. However, timing is crucial for the success, i.e. opening
and closing of sluice gates must be done at exactly the right times to route as much as possible of the
incoming sediment downstream of the dam. The efficiency depends mainly on width of the density
current, length of the reservoir, gate operations, and flow characteristics.

2.6 PRINCIPLES OF SLUICE DESIGN
The characteristics of the dam outlets and the operational management of them are critical to the
success of sediment removal. The Indian practice is to provide sluices capable of discharging the
bankfull discharge of the inflowing stream (Brown, 1943). Jiang (1980, ref. Tan, 1996) suggested an
empirical formula, based on practice in China, to determine the required discharging capacity of
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outlets for successful flushing and sluicing. Discharging capacity is sufficient if,
Qm Sn
Q d S0

" 0.5

(15)

where S0 is original gradient of the river, Sn is slope of the line connecting the upstream end of the
maximum pool level with the bottom of the outlets, Qd is dominant discharge of the river, and Qm is
maximum discharge of the outlets without detention of a flood. Failure of constructing appropriate
sluices or managing them may lead to poor results. For example, Krumdieck and Chamot (1981)
described how to flush sediment under a sustained water level while not risk blocking the dam gates
with sediment. At the Nizamsagar Dam, India, the scouring sluices were not put into operation due
to vibrations in the dam and silt deposits blocking the gates. Furthermore, the sluices were also too
small to be effective (Chettri and Bowonder, 1983). Cavor and Slavic (1983, ref. Tan, 1996) suggested
that intermittent opening and closing of the bottom outlets, and alternation between free-flow flushing
and flushing under pressure, should prevent outlets from being clogged. However, careful
manoeuvring of closing and opening of the dam gates is necessary to prevent a sudden mass slide of
deposits in front of the dam gates (Amini and Fouladi, 1985).
Zhang and Qian (1985) postulated that to preserve the floodplain storage capacity as long as possible,
the sluicing capacity of the bottom outlets should be large enough to sluice a flood with a recurrence
interval of five to ten years without causing inundation of the floodplains. Paul and Dhillon (1988)
gave guidelines for calculating optimum dimensions for the sluices. Their model studies showed that
sluices should be low and wide for best efficiency, i.e. giving a high sediment to water flushed-out
ratio. Height optimum value seemed to be between 1.5 and 2.5 m and the required sluice area can be
obtained by varying the width (or several sluices to get that width). To prevent sedimentation problems
of the power intake, Mehta et al. (1989) proposed criteria for determining the intake location. The
location of the power intake should be where no sedimentation is expected (high velocity is required),
and it should not draw sediments beyond permissible limits (low velocity required). These conflicting
situations can be met if the power intake is located in the vicinity of the dam spillway and a spillway
approach channel is utilized as a sedimentation basin. The deposited sediment in the approach channel
can later be flushed out through bottom sluices (Mehta et al., 1989).
Di Silvio (1990) thoroughly discussed the problem of avoiding the total obstruction of the outlet
during flushing operation. Total clogging of an outlet tunnel occurs if water discharge is too low,
discharge is sufficient to transport material to the outlet but not through, cross-section is too narrow,
or water head is too small. He gave, based on model tests, equations on concentration through the
outlet related to water discharge and area on the outlet. In a quasi-steady regime, the tunnel is partially
filled by sediments, in such a way, to adjust the cross section to the flow velocity required to convey
the incoming flux of sediments. Any possible intermittent clogging, due to pulsations, is soon removed
by a moderate temporary increase of the water level in the reservoir (Di Silvio, 1990). The initial and
final phases of flushing are the most critical as far as the occurrence of permanent clogging is
concerned. To avoid a complete obstruction just at the start of the flushing operations, the outlet
should have a sufficiently ample cross section (both of the tunnel and of the control gates), in relation
to the tunnel length and to the initial thickness of the sediments above the outlet (Di Silvio, 1990).
For dams on high-concentration rivers with coarse particles, Xu and Lu (1991, ref. Tan, 1996)
suggested that the bottom outlets should be installed at an elevation not higher than the relative water
depth of 0.15 to 0.2 from the river bed. A discussion on different types of intakes can be found in
Bouvard (1992). He stated that maximum released gravel load is obtained if sluice gates are located
in the opposite bank of a concave bend. Wada (1994) discussed the hydraulic design of sand-flash
channels, which are positioned in the dam’s flash gate and discharge pipe, for removing sand deposits
near the dam. For venting of density currents, the elevation of bottom outlets should be lower than that
of the interface between the clear water and muddy flow (Tan, 1996).
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At the Malvaglia Reservoir, Switzerland, Martini (1996) reported about new-construction of bottom
gates beneath the old ones to facilitate desiltation where the earlier could not be used due to a
threatening land slide. In the Palagnedra reservoir, flushing is performed to keep optimal function of
water intake and bottom outlets of the dam (Müller, 1996). Kanne and Baumann (1996) reported from
rebuilding of the Palü Dam to make flushing possible, and Vriens (1996) reported on the problems
of dam maintenance under water. Vigl and Pürer (1996) reported on blocking of bottom outlets in the
Bolgenach reservoir, Austria, during flushing. To prevent such blocking, a sedimentary pool was
created in the bottom of the reservoir by raising the outlets.
As a summation it can be said that the lower and wider the sluice gates are, the better. They should
also be located in the opposite bank of a concave bend, i.e. the inner side of the bend, if possible.
Several gates should be constructed so water can be withdrawn from any level and location wanted,
but also because the deposition patterns in the reservoir may vary with time.

2.7 AUXILIARY METHODS TO INCREASE DESILTING RATE
To improve the efficiency of flushing, sluicing, and density-current venting, several auxiliary methods
have been suggested. For example may water from supplementary reservoirs be so released or directed
against deposits in the main reservoir that the amount of released material is increased (see, e.g. Davis,
1897, ref. Brown, 1943; Hemphill, 1931; Hälg, 1996). By use of simple baffles, dikes, etc., for
diverting the flow against the banks, increased effect of flushing has been obtained at Big Tujunga
Reservoir, USA (Brown, 1943). By building a small upstream dam with large openings that are being
closed and opened alternately, Duquennois (1956, ref. Sloff, 1991) suggested that weak continuous
inflow to a reservoir could be transformed into large-capacity scouring waves.
A decrease in flushing efficiency may be restored by a partial or full impounding of the reservoir for
short duration followed by complete drawdown of the water level (Gvelesiani and Shmal'tzel, 1968,
ref. Fan, 1985a; Gvelesiani and Shmal'tzel, 1971). Mikhalev (1971) argued that two consecutive
flushings will yield more flushed-out material, since material from the continuous failing of banks is
not washed away at once. He further stated that this technique can easily be performed during flood
events in reservoirs with small capacity.
By construction of submerged dams, density currents can be directed toward the bottom outlets (Swiss
National Committee on Large dams, 1982), and by removing upstream cofferdams and other obstacles
flushing efficiency can be improved (see, e.g. Amini and Fouladi, 1985). As an alternative to
alternately raise and lower the water level, after the river flow has formed a flushing channel,
hydraulic monitors can be used to loosen and wash the deposits into the flushing flow (Kereselidze
et al., 1986).
Sediment-sluicing efficiency can be supported by creation of a defined channel at the bottom of the
reservoir to concentrate the flow where the tractive forces need to be as high as possible (Scheuerlein,
1989). By constructing auxiliary channels more sediment can be relieved than using only the main
channel. Xia (1989, ref. Morris and Fan, 1997) described the lateral erosion technique used in the
Heisonglin Reservoir, China. This technique has the advantage of using relatively short channels with
high slopes, therefore not needing high discharges to be efficient. Water is there diverted into a supply
channel following the margin of the reservoir, wherefrom it is released at various points, allowing the
water to flow across floodplain deposits toward the main channel. Vorob'ev et al. (1990) reported that
the pilot channels made in the deposits of the Chiryurt Reservoir, Russia, are made by a dredge for
later removal by flushing (see also, for example, Scheuerlein et al., 1996 and Westrich, 1997).
Tolouie et al. (1993) reported that the Sefid-Rud Reservoir, Iran, was alternatively impounded and
emptied for two months after flushing. Furthermore, they used water, pumped into sand layers on the
floodplain next to the river thalweg, to increase the effect of flushing. At the planned Angostura
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Reservoir, Costa Rica, AB Hydroconsult (1995) suggested that a channel should be digged through
a promontory to reduce the length of active river flow and sediment deposition in the reservoir.
Schöberl (1996) suggested a similar solution to increase the effect of sluicing in the Kniepaß reservoir,
Austria, where the upper part of the flow should be more concentrated and a narrow passage
downstream should be removed to facilitate retrogressive erosion. If sluicing or flushing is combined
with mechanical methods or light explosives, the effect may be increased (Tan, 1996).
Morris and Fan (1997) suggested that in narrow reservoirs with steep banks, excavation of a parallel
channel to the main channel along the margin of the deposited sediments should be made. Over time,
the channel will move laterally, down the reservoir sideslope, as it erodes, increasing the released
sediment.
To sum it up it can be said that additional water from other reservoirs may be used, diversions of the
flow against the banks are preferable, mechanical and hydraulic methods may be used to loosen
material, filling and emptying again may flush the loose material away, and construction of along and
transverse channels may increase the efficiency, particularly in hard-eroded areas. It can be concluded
that these methods are particularly useful if flushing is done for the first time.

2.8 DESILTING STRATEGY OF CONSECUTIVE RESERVOIRS
If several reservoirs exist on a river, flushing of the uppermost will undoubtedly lead to redeposition
in the next reservoir. Zhang et al. (1976) suggested that for two reservoirs in a series, the operation
of the upper should be managed to store the clear water and release the muddy water, while the lower
is kept impounded. When the lower reservoir is emptied for flushing, the effect is increased by
releasing relatively clear water from the upper reservoir. Also Qian (1982) and Rienössl and Schnelle
(1982) suggested that increased effect of flushing can be obtained if an upstream dam releases water
simultaneously. Experience from Georgia shows that flushing should start from the most downstream
reservoir to form a channel in the deposits. This channel allows the sediment flushed from upstream
reservoirs to pass without settling (Kereselidze et al., 1986). Zarn (1992) performed numerical
modeling of flushing on a planned five-reservoir chain on the River Rhine along the border between
Switzerland and Liechtenstein. He concluded that if all reservoirs are flushed simultaneously, almost
all sediment can be flushed out of the system. But, if only some or one reservoir is flushed at a time,
deposition will be severe in the downstream reservoirs. Similar reasoning can be found in AB
Hydroconsult’s (1995) work on planned reservoirs in Costa Rica and in Baumhackl’s (1996) study
on a 10-reservoir reach on the river Drau, Austria.

2.9 ALTERNATIVE HYDRAULIC METHODS
2.9.1 Dredging
One obvious alternative to flushing or routing of sediments through a reservoir is dredging of the
deposited material. At Akiba Dam, Japan, sediments within 4.5 km from the dam are dredged and
piled just upstream of the dam to be released with the flow discharge in case of floods (Nose, 1982).
Wang et al. (1995) reported that in the Bai-Ho Reservoir, Taiwan, unfavourable topography and lack
of low-level outlets for sediment flushing meant that dredging and excavation had to be carried out.
A drawback of dredging is the high cost for sediment removal (see for example Morris, 1995b), but
as reservoir level drawdown for flushing and sluicing may not solve all sediment-related problems,
the impounded reach will need to be dredged due to continued accumulation of gravels (Morris and
Fan, 1997).

2.9.2 Siphoning
Siphoning, which is a dredging method where the sediments are transported over or through the dam
in a flexible pipe, can be carried out as an alternative to dredging. An early example of siphoning can
be found in Meyers (1912, ref. Brown 1943; see also Orth, 1934, ref. Brown, 1943), including a
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description of the Jandin method after Jandin, who used a siphoning method to remove sediment from
the Djidiouia Reservoir, Algeria, in the end of the 19th century. Another siphoning method was
described by Vogt (1927, ref. Brown, 1943).
Evrard (1980, ref. Fan, 1985a) reported remarkable efficiency, where the associated costs were
amortized almost within one year, of siphon dredging at the Rioumajou Dam, France. Advantages of
siphon dredging include that the amount of water needed to remove sediment is reduced to a
minimum, it is not limited to certain conditions for operation, and unit cost of the dredge is very low
(Dai et al., 1980). Dai et al. (1980) suggested that a siphon dredge is suitable for reservoirs smaller
than 100 million m3 . Another advantage of siphoning is that the mechanism that initiates the removal
is due not only to the horizontal viscous shear at the top of the sediment, but also to the flow in the
sediment itself (Rehbinder, 1994). A description of a recently developed siphoning method, the
Saxophone siphoning method, named after the suction head’s appearance, can be found in Lysne et
al. (1995) and Jacobsen (1997).

2.9.3 Use of pipes
Different systems with fixed pipes, intended for routing the sediment through or around the dam, have
been suggested for a long time. Bonnet (1920, ref. Brown 1943) described a system with a pipe on the
bottom of a reservoir that permitted flushing of sediment deposits through the dam. Reed (1931)
described a method of bypassing sediments through a tunnel around the Amsteg Reservoir on the
Reuss River, Switzerland. Roveri (1981, ref. Sing and Durguno!lu, 1990) reported from Italy where
pipelines, anchored in a low submerged weir near the stream-reservoir junction, could discharge the
incoming flow to downstream from the main dam. Peng (1989) described a pipe sediment-sluicing
system, called the Spiral Flow Silt Releaser, used to sluice silt through a pipe, located within the
reservoir, through the dam and to the downstream reaches.
Eftekharzadeh and Laursen (1990), described a system with a pipe used for transporting incoming
sediment from the upstream area of the reservoir through the dam, and pointed out that such a system
will have minimal negative impact on the river system. Hotchkiss (1992) described a successful use
of such a system, implemented at a fish farm on the White Tail Creek, USA. Hotchkiss and Huang
(1995a) stated that the shock to the downstream reach associated with flushing techniques can be
avoided by using a hydrosuction sediment-removal system, because it is continuous and of longer
duration. These techniques, therefore, try to return the system to its more natural pre-dam conditions
by releasing sediments in accordance with the downstream transport capacity. The system should be
designed to remove sediment at the same rate that it enters the reservoir (Hotchkiss and Huang,
1995b), but whether such a system is feasible depends on hydraulic, environmental, and operational
factors (Hotchkiss and Huang, 1995a). Cases where this technique is described can be found in
Hotchkiss and Huang (1995a, 1996a, 1996b). Comparisons with the above-mentioned technique with
other sediment management techniques in terms of efficiency and environmental effects is given in
Hotchkiss and Huang (1996b), who also stated that these systems are most effective for transporting
fine, non-cohesive material. A new different method uses the Slotted Pipe Sediment Sluicer, a fixed
pipe near the reservoir bed that removes the sediment that deposits on top of it (Lysne et al., 1995;
Jacobsen, 1996, 1997).

2.9.4 Combined methods
At the Imperial Dam, USA, a combination of some of the above techniques is used. Sluicing of
sediment is done to a settling basin wherefrom it later is dredged (Moser and Sears, 1976). Bächtiger
(1981) reported that a combination of mechanical removal and flushing is used in reservoirs of the
Linth-Limmer power scheme, Switzerland, due to too small slopes for flushing alone to be effective.
In the Sakuma Reservoir, Japan, sediments are dredged and transported in a pipeline for concrete
production at some distance away (Okada and Baba, 1982).
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Both Zhang et al. (1983), for the Lushuihe power station, China, and Hwang (1985), in the Ho-Ku
Reservoir, Taiwan, described the desiltation strategy where a check dam has been built upstream of
the main dam to allow for sedimentation upstream of the check dam. The deposited material can later
be flushed through a flushing tunnel, passing the main reservoir. A similar example was reported by
Gurnell et al. (1990), from the Grande Dixence hydropower scheme, Switzerland, where regularly
flushed settling basins were included in the scheme. Xu (1993) described the sedimentation control
strategy of two dams on the Yilihe River, China. During the flood season, the flow is discharged
through a spillway channel, bypassing the main reservoir. During the dry season, an upper reservoir
functions as a settling basin and provides the main reservoir with clear water. To desilt a settling basin,
Lysne et al. (1995) described the use of the Serpent Sediment Sluicing System, a rubber tube which
can be filled or emptied with water and by that remove deposited sediments from the basin. The
system enables that flushing frequency may be adjusted to comply with the sediment load of the river.
It uses only gravity forces and no power input is required (Lysne et al., 1995). Lowe and Fox (1995)
recommended the use of a sediment bypass channel for the Tarbela Reservoir, Pakistan, for evacuation
of sediment in the high flow season.

2.9.5 Summary
Flushing, sluicing, and venting may not be applicable at all sites. Then alternative methods must be
used, which also may be better for the environment. Dredging is preferably used in small reservoirs
or in the delta regions of reservoirs. Siphoning uses a small amount of water, but is limited to
relatively small reservoirs. With pipes, sediment can be released as they are introduced to the reservoir,
which is appreciable for the downstream environment, but a well defined channel that does not move,
at the reservoir entrance, is probably needed for good results. As a concluding remark it can be said
that by incorporating elements of both sediment routing and flushing, together with for example
mechanical methods, this strategy can be more effective then routing or flushing used alone, in the
same time as the environmental impact is kept at its lowest.

2.10 REFERENCES
AB Hydroconsult 1995, Sedimentation and Erosion Processes Related to the Hydropower Projects
Angostura, Guayabo and Siquirres Part 1 Aim 1: Prediction of Reservoir Sedimentation, Uppsala,
135 pp.
Abid A. 1980, Transported sediments and drawing off at the Nebeur Dam on the Mellegue Wadi
during the period 1 May, 1954 (filling date) to 30 April, 1980. International Seminar of Experts
on Reservoir Desiltation, Tunis, 1980, Com 3, p. 25.
Ackers P. and Thompson G. 1987, Reservoir sedimentation and influence of flushing. Sediment
Transport in Gravel-bed Rivers, C.R. Thorne, J.C. Bathurst, and R.D. Hey, eds, John Wiley &
Sons, Chichester, pp. 845-868.
Amini A. and Fouladi C. 1985, Sediment flushing at the Sefidrud Reservoir. Proceedings of the 2nd
International Workshop on Alluvial River Problems, R.J. Garde, ed., University of Roorkee, India.
pp. 97-102.
Atkinson E. 1996, The Feasibility of Flushing Sediment from Reservoirs. Report OD 137, HR
Wallingford, Wallingford, x+21 pp.
Baba K. 1986, The reservoir sedimentation problem and problems of damage to hydraulic structures.
The situation in Japan and countermeasures. Journal of Water Resources, Vol 5(2), pp. 53-101.
Bächtiger O. 1981, Auflandungsprobleme in drei Ausgleichsbecken der Kraftwerke Linth-Limmern
(Problems of siltation in three compensating basins at Linth-Limmern power scheme).
Internationale Fachtagung über Verlandung von Flussstauhaltungen und Speicherseen im
Alpenraum, Zürich, 22 und 23 Oktober 1981, Mitteilungen 53, Versuchanstalt für Wasserbau,
Hydrologie und Glaziologie an der Eidgenössischen Technischen Hochschule Zürich, D. Vischer,
ed., pp. 149-155 (in German).
Barkdoll B.D. and Odgaard A.J. 1995, Economic aspects of sedimentation management. Sixth
International Symposium on River Sedimentation, Management of Sediment: Philosophy, Aims,
33

Reservoir desiltation by means of hydraulic flushing

and Techniques, New Delhi, 7-11 November, 1995, Balkema, Rotterdam, pp. 1155-1167.
Basson G.R. and Rooseboom A. 1996, Sediment pass-through operations in reservoirs. Proceedings
of the International Conference on Reservoir Sedimentation, Fort Collins, USA, Sept. 9-13, 1996,
pp. 1107-1130.
Baumhackl G. 1996, Feststoffprobleme an der Österreichischen Draukraftwerkskette (Problems of
sedimentation at the Austrian reservoir chain of the river Drau). Internationales Symposium
Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme in Leitungen und Kanälen, 1.
Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 142, Versuchanstalt für Wasserbau,
Hydrologie und Glaziologie der Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed.,
pp. 281-290 (in German).
Bhargava D.N., Agrawal C.K., Tiagi S.S. and Verma R.S. 1989, Sedimentation of reservoirs in U.P.
Proceedings of Third International Workshop on Alluvial River Problems (TIWARP), University
of Roorkee, India March 2-4, 1989, A.A. Balkema, Rotterdam, pp. 197-208.
Bellouni M. 1980, Utilization of bottom outlets for desilting existing reservoirs. 1980. International
Seminar of Experts on Reservoir Desiltation, Tunis, 1980, p. 41.
Bonnet F. 1920, Cours de Barrages (Dammed flows), Paris, 635 pp (in French).
Bouvard M. 1992, Mobile Barrages and Intakes on Sediment Transporting Rivers. IAHR Monograph
Series, A.A. Balkema, Rotterdam, 300 pp.
Bouvard M. 1996, Special dispositions for eliminating sediment from reservoirs. Utilization of density
currents - adaptation of flood discharge systems: example of the Serre-Poncon Reservoir, France
(extended abstract). Reservoir Sedimentation, Proceedings of the St Petersburg Workshop May
1994, S. Bruk and H. Zebidi, eds, IHP-V, Technical Documents in Hydrology no. 2, UNESCO,
Paris, 1996, pp. 130-134.
Brabben T.E. 1988, Reservoir Desilting Methods. Technical Note OD/TN 32, HR Wallingford,
Wallingford, 38 pp.
Bremen R. and Bertola P.F. 1996, Praxisgerechte Lösungen zur Optimierung von Stauspülungen
(Practical solutions for the optimization of reservoir flushings). Internationales Symposium
Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme in Leitungen und Kanälen, 1.
Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 142, Versuchanstalt für Wasserbau,
Hydrologie und Glaziologie der Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed.,
pp. 111-122 (in German).
Breusers H.N.C., Klaassen G.J., Brakel J. and Van Roode F.C. 1982, Environmental impact and
control of reservoir sedimentation. Fourteenth International Congress on Large Dams,
Transactions, Rio de Janeiro, Brazil, 3-7 May 1982, Vol III, pp. 353-372.
Brown C.B. 1943, The Control of Reservoir Silting. United States Department of Agriculture,
Miscellaneous Publication No. 521, Washington, D.C., 166 pp.
Brune G.M. 1953, Trap efficiency of reservoirs. Transactions, American Geophysical Union, Vol.
34(3), pp. 407-418.
Buchholz R.J. and Knofczynski A.M. 1988, Sediment flushing experiences at Cherry Creek Dam.
Hydraulic Engineering, Proceedings of the 1988 National Conference, Colorado, Aug. 1988, pp.
1062-1067.
Cavor R. and Slavic M. 1983, Mathematical model of reservoir flushing. Numerical Methods in
Laminar and Turbulent Flow, Proceedings of the 3rd International Conference, Seattle, Section 11,
Paper 85, pp. 986-995.
Chaudry M.R. 1982, Flushing operations of Warsak Reservoir sediment. Pakistan Engineering
Congress, Lahore, Proceedings, Vol. 58, Paper No. 454.
Chen J. and Zhao K. 1992, Sediment management in Nanqin Reservoir. International Journal of
Sediment Research, Vol. 7(3), pp. 71-84.
Cheng X. 1992, Reservoir sedimentation at Chinese hydro schemes. International Water Power and
Dam Construction, October, pp. 44-47.
Chettri R. and Bowonder B. 1983, Siltation in the Nizamsagar reservoir: environmental management
issues. Applied Geography, Vol. 3, pp. 193-204.
Dai J., Chen W. and Zhou B. 1980, A preliminary study on sediment evacuation from a reservoir with
34

Reservoir desiltation part I

siphon devices. International Symposium on River Sedimentation, Beijing 1980, Li B., ed., pp.
763-772 (in Chinese).
Davis A.P. 1897, Irrigation near Phoenix, Arizona. U.S. Geological Survey Water Supply Paper, Vol.
2, 98 pp.
Demmak A. 1980, The Algerian experience as regards the control of dam siltation. International
Seminar of Experts on Reservoir Desiltation, Tunis, 1980, Com 10, p. 9.
Di Silvio G. 1990, Modeling desiltation of reservoirs by bottom-outlet flushing. Movable Bed Physical
Models, H.W. Shen, ed., NATO ASI Series C, Kluwer Academic Publishers, Dordrecht, pp. 159171.
D’Rohan W. 1911, The silting up of reservoirs and canals and some methods for preventing same.
Engin. and Contract, Vol. 35, pp. 56-58.
Duquennois H. 1956, New methods of sediment control in reservoirs. Water Power, May, pp. 174180.
Durguno!lu A. and Sing K.P. 1993, The Economics of Using Sediment-Entrapment Reduction
Measures in Lake and Reservoir Design. Contract Report 552, Illinois State Water Survey,
Hydrology Division, Champaign, Illinois.
Eftekharzadeh S. and Laursen E.M. 1990, A new method for removing sediment from reservoirs.
Hydro Review, Vol. 9(1), pp. 80-84.
Evrard J. 1980, Considerations on sedimentation in the hydraulic installations of the Electricité de
France. International Seminar of Experts on Reservoir Desiltation, Tunis, 1980, Com 7, p. 18.
Fan J. 1985a, Methods of preserving reservoir capacity. Methods of Computing Sedimentation in
Lakes and Reservoirs: A contribution to the International Hydrological Programme, IHP-II Project
A. 2.6.1 Panel, S. Bruk, ed., Unesco, Paris, pp. 65-164.
Fan J. 1985b, Methods of preserving reservoir capacity. Lecture Notes of the Training Course on
Reservoir Sedimentation. Series of Publication IRTCES, Beijing, pp. II.1-II.96.
Fan J. and Jiang R. 1980, On methods for the desiltation of reservoirs. International Seminar of
Experts on Reservoir Desiltation, Tunis, 1980, Com 14, p. 17.
Fan J. and Morris G.L. 1992a, Reservoir sedimentation. I: Delta and density current deposits. Journal
of Hydraulic Engineering, Vol. 118(3), pp. 353-369.
Fan J. and Morris G.L. 1992b, Reservoir sedimentation. II: Desiltation and long-term storage capacity.
Journal of Hydraulic Engineering, Vol. 118(3), pp. 370-384.
Fan J., Shen S. and Wu D. 1962, An approximate method for calculating the density currents in
reservoirs. Scientia Sinica, Vol. 11(5), pp. 707-722 (in Russian).
Farhoodi J. 1985, Sediment flushing at Sefidrud Reservoir. Proceedings of the 2nd International
Workshop on Alluvial River Problems, R.J. Garde, ed., University of Roorkee, India.
Fiock L.R. 1934, Records of silt carried by the Rio Grande and its accumulation in Elephant Butte
Reservoir. Transactions of the American Geophysical Union, Fifteenth Annual Meeting, April 2628, 1934, Washington, D.C. and Berkeley, California, june 20-21, 1934, Part II, pp. 468-473.
Flögl H. and Flögl W. 1996, Sedimentationvorgänge in Stauräumen von Niederdruckanlagen in zwei
Voralpenflüssen - Umfang, Auswirkungen und Gegenmassnahmen (Sedimentation processes in
reservoirs of low head schemes in two alpine rivers - dimensions, effects and countermeasures).
Internationales Symposium Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme in
Leitungen und Kanälen, 2. Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 143,
Versuchanstalt für Wasserbau, Hydrologie und Glaziologie der Eidgenössischen Technischen
Hochschule Zürich, D. Vischer, ed., pp. 193-219 (in German).
Fux C. 1981, Verlandung und Spülung des Ausgleichsbeckens Mattsand (Fine material deposit and
flushing of the surge pond of Mattsand. Internationale Fachtagung über Verlandung von
Flussstauhaltungen und Speicherseen im Alpenraum, Zürich, 22 und 23 Oktober 1981,
Mitteilungen 53, Versuchanstalt für Wasserbau, Hydrologie und Glaziologie an der
Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed., pp. 175-182 (in German).
Gaboury M.N. and Patalas J.W. 1984, Influence of water level drawdown on the fish populations of
Cross Lake, Manitoba. Canadian Journal of Fisheries and Aquatic Sciences, Vol. 41(2), pp. 118125.
35

Reservoir desiltation by means of hydraulic flushing

Gong S. and Jiang D. 1979, Soil erosion and its control in small watersheds of the loess plateau.
Scientia Sinica, Vol. 22(11), pp. 1302-1313.
Goodwill P., Rowan J.S. and Greco M. 1995, Sediment routing through reservoirs, Wyresdale Park
Rservoir, Lancashire, U.K. Physics and Chemistry of the Earth, Vol. 20(2), pp. 183-190.
Grover N.C. and Howard C.S. 1938, The passage of turbid water through Lake Mead. Transactions
of the American Society of Civil Engineers, Vol. 103, pp. 720-790.
Guo Z. and Li D. 1984, Operation experiences of water and sediment regulation in Hengshan
Reservoir. Water Resources Hydropower Engineering, Vol. 5, pp. 1-8 (in Chinese).
Gurnell A.M., Clark M.J. and Hill C.T. 1990, The geomorphological impact of modified river
discharge and sediment transport regimes downstream of hydropower scheme meltwater intake
structures. Hydrology in Mountainous Regions II: Artificial Reservoirs, Water and Slopes,
Proceedings of the Lausanne Symposia, 27 Aug.-1 Sep., 1990, R.O. Sinniger and M. Monbaron,
eds, IAHS Publication No. 194, 1990, pp. 165-170.
Gvelesiani, L.G. and Shmal’tzel N.P. 1968, Reservoir Silting at Hydroelectric Station, Energy,
Moscow (in Russian).
Gvelesiani, L.G. and Shmal’tzel N.P. 1971, Studies of storage work silting of hydroelectric power
plants on mountain rivers and silt deposition fighting. Proceedings of the XIV Congress of the
IAHR, Vol. 5, Hydraulic research and its impact on the environment, pp. 17-20.
Hälg R. 1996, Spülung des Stausees Ova Spin (Flushing of the Ova Spin Reservoir). Internationales
Symposium Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme in Leitungen und
Kanälen, 1. Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 142, Versuchanstalt für
Wasserbau, Hydrologie und Glaziologie der Eidgenössischen Technischen Hochschule Zürich, D.
Vischer, ed., pp. 171-187 (in German).
Hassanzadeh Y. 1995, The removal of reservoir sediment. Water International, Vol. 20(3), pp. 151154.
Hemphill R.G. 1931, Silting and life of southwestern reservoirs. Transactions of the American Society
of Civil Engineers, Vol. 95, pp. 1060-1074.
Hofer F. 1981, Erfahrungen mit Spülungen und Freihaltung von Stauräumen bei der Anlagen der
Tauernkraftwerke AG, Salzburg (Experience with clearance of storage areas at the
Tauernkraftwerke AG plants in Salzburg. Internationale Fachtagung über Verlandung von
Flussstauhaltungen und Speicherseen im Alpenraum, Zürich, 22 und 23 Oktober 1981,
Mitteilungen 53, Versuchanstalt für Wasserbau, Hydrologie und Glaziologie an der
Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed., pp. 249-256 (in German).
Hong S. and Chen Z. 1992, Erosional and depositional changes and their effects during different
operation periods at the Sanmenxia Reservoir. Sediment Management, Proceedings of the 5th
International Symposium on River Sedimentation, Karlsruhe, 1992, University of Karlsruhe,
Institute of Hydraulic Structures and Agricultural Engineering, Vol. 2, pp. 943-952.
Hotchkiss R.H. 1992, New method for sediment removal from reservoirs in the United States.
Sediment Management, Proceedings of the 5th International Symposium on River Sedimentation,
Karlsruhe, 1992, University of Karlsruhe, Institute of Hydraulic Structures and Agricultural
Engineering, Vol. 2, pp. 869-875.
Hotchkiss R.H. and Huang X. 1995a, Hydrosuction sediment-removal systems (HSRS): principles and
field test. Journal of Hydraulic Engineering, Vol. 121(6), pp. 479-489
Hotchkiss R.H. and Huang X. 1995b, Designing a hydrosuction sediment removal system (HSRS).
Sixth International Symposium on River Sedimentation, Management of Sediment: Philosophy,
Aims, and Techniques, New Delhi, 7-11 November, 1995, Balkema, Rotterdam, pp. 165-174.
Hotchkiss R.H. and Huang X. 1996a, Hydrosuction sediment removal from reservoirs part I:
description. Reservoir Sedimentation, Proceedings of the St Petersburg Workshop May 1994, S.
Bruk and H. Zebidi, eds, IHP-V, Technical Documents in Hydrology no. 2, UNESCO, Paris, 1996,
pp. 195-223.
Hotchkiss R.H. and Huang X. 1996b, Reservoir sediment management with hydrosuction sediment
removal system part II: field test and implementation. Reservoir Sedimentation, Proceedings of the
St Petersburg Workshop May 1994, S. Bruk and H. Zebidi, eds, IHP-V, Technical Documents in
36

Reservoir desiltation part I

Hydrology no. 2, UNESCO, Paris, 1996, pp. 224-249.
Hsu S.M., Yu W.-S. and Liu T.-M. 1997, Modeling unsteady turbidity currents in a steep narrow
reservoir. International Journal of Sediment Research, Vol. 12(3), pp. 207-215.
Hu C. 1995, Controlling reservoir sedimentation in China. Hydropower and Dams, March, pp. 50-52.
Hwang J.-S. 1985, The study and planning of reservoir desilting in Taiwan. Water International, Vol.
10, pp. 7-13.
Jacobsen T. 1996, Removal of sediments from reservoirs. Proceedings of the International Conference
on Reservoir Sedimentation, Fort Collins, USA, Sept. 9-13, 1996, pp. 801-818.
Jacobsen T. 1997, Sediment Problems in Reservoirs: Control of Sediment Deposits. Ph.D. Thesis, IVB
Report B2-1997-3, Norwegian University of Science and Technology, Department of Hydraulic
and Environmental Engineering, Trondheim, xiv+175 pp.
Jarecki E.A. and Murphy T.D. 1965, Sediment withdrawal investigation - Guernsey Reservoir.
Proceedings of the Federal Interagency Sedimentation Conference at Jackson, January 28-February
1, 1963, Miscellaneous Publication No. 970, U.S. Department of Agriculture, Washington, D.C.,
pp. 908-926.
Jiang N. 1980, Some investigations of reservoir sedimentation on heavy silt laden stream. Journal of
Sediment Research, Vol. 1 (in Chinese).
Jing C. 1956, A Report on the Experiment of sediment Flushing of Jensanpei Reservoir. Taiwan Sugar
Company, Taipei.
Johnson J.W. 1942, Underflow studies at Lake Issaqueena. Civil Engineering, Vol. 12(9), pp. 513516.
Jordana J. 1925, El pantano de la peña en 1924 (The Peña Reservoir in 1924). Revista de Obras
Públicas, Vol. 73, pp. 39-42 (in Spanish).
Jowett I. 1984, Sedimentation in New Zealand hydroelectric schemes. Water International, Vol. 9, pp.
172-173.
Kanne S. and Baumann R. 1996, Sanierung des Staubeckens Palü (Restoration of Palü compensation
basin). Internationales Symposium Verlandung von Stauseen und Stauhaltungen,
Sedimentprobleme in Leitungen und Kanälen, 1. Teil, 28./29. März 1996 an der ETH Zürich.
Mitteilungen 142, Versuchanstalt für Wasserbau, Hydrologie und Glaziologie der Eidgenössischen
Technischen Hochschule Zürich, D. Vischer, ed., pp. 205-222 (in German).
Kanthack F.E. 1924, The Principles of Irrigation Engineering - with Special Reference to South
Africa. London, 299 pp.
Kereselidze N.B., Kutavaya V.I. and Tsagareli Y.A. 1986, Silting and flushing mountain reservoirs,
examplified by the Rioni series of hydroelectric stations. Hydrotechnical Construction, Vol. 19(9),
pp. 514-520.
Krumdieck A. and Chamot P. 1979, Sediment flushing at the Santo Domingo Reservoir. International
Water Power and Dam Construction, Dec. Pp. 25-30.
Krumdieck A. and Chamot P. 1981, Spülung von Sedimenten in kleinen und mittleren Speicherbecken
(Sediment flushing in small and medium storage reservoirs). Internationale Fachtagung über
Verlandung von Flussstauhaltungen und Speicherseen im Alpenraum, Zürich, 22 und 23 Oktober
1981, Mitteilungen 53, Versuchanstalt für Wasserbau, Hydrologie und Glaziologie an der
Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed., pp. 257-270 (in German).
Lai J.S. and Shen H.W. 1996, Flushing sediment through reservoirs. Journal of Hydraulic Research,
Vol. 34(2), pp. 237-255.
Li Y. and Fan J. 1992, Management of reservoir sedimentation in semi-arid region. Sediment
Management, Proceedings of the 5th International Symposium on River Sedimentation, Karlsruhe,
1992, University of Karlsruhe, Institute of Hydraulic Structures and Agricultural Engineering, Vol.
2, pp. 971-980.
Lin B. 1992, Watershed and sediment management in China. Sediment Management, Proceedings of
the 5th International Symposium on River Sedimentation, Karlsruhe, 1992, University of Karlsruhe,
Institute of Hydraulic Structures and Agricultural Engineering, Vol. 1, pp. 5-18.
Lin J.J. and Wu C.M. 1991, Hydraulic model studies of Tien-lun Reservoir desiltation. Proceedings
of the Fifth Federal Interagency Sedimentation Conference, 1991, S.-S. Fan and Y.-H. Kuo, eds,
37

Reservoir desiltation by means of hydraulic flushing

pp. 7.9-7.14.
Locher F.A. and Wang J.S. 1995, Operation procedures for sediment bypassing at Cowlitz Falls Dam.
Sediment Management and Erosion Control on Water Resources Projects, Fifteenth Annual
USCOLD Lecture Series, San Francisco, California, May 15-19, 1995, pp. 75-90.
Long Y. and Zhang Q. 1981, Sediment regulation problems in Sanmenxia Reservoir. Water Supply
and Management, Vol. 5(4/5), pp. 351-360.
Lowe J. and Fox I. 1995, Sediment management schemes for Tarbela Reservoir. Sediment
Management and Erosion Control on Water Resources Projects, Fifteenth Annual USCOLD
Lecture Series, San Francisco, California, May 15-19, 1995, pp. 1-15.
Lu X. 1992, An approximate method for calculating the efficiency of venting density current through
outlet. Sediment Management, Proceedings of the 5th International Symposium on River
Sedimentation, Karlsruhe, 1992, University of Karlsruhe, Institute of Hydraulic Structures and
Agricultural Engineering, Vol. 2, pp. 829-835.
Lysne D.K., Olsen N.R.B., Støle H. and Jacobsen T. 1995, Sediment control: recent developments for
headworks. Hydropower and Dams, March, pp. 46-49.
Mahmood K. 1987, Reservoir Sedimentation: Impact, Extent, and Mitigation. World Bank Technical
Paper Number 71, Washington, D.C., x+118 pp.
Martini O. 1996, Verlandungsprobleme am Ausgleichsbecken Malvaglia (Problems of reservoir
sedimentation in the compensation reservoir of Malvaglia). Internationales Symposium Verlandung
von Stauseen und Stauhaltungen, Sedimentprobleme in Leitungen und Kanälen, 1. Teil, 28./29.
März 1996 an der ETH Zürich. Mitteilungen 142, Versuchanstalt für Wasserbau, Hydrologie und
Glaziologie der Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed., pp. 75-90 (in
German).
Mehta H.L., Awasthi A.K. and Sharma D.K. 1989, Innovative approach to overcome sediment
constraint of a hydroelectric project with small capacity storage reservoir. Indian Journal of Power
and River Valley Development, August-September, pp. 231-234.
Meyers A.A. 1912, Over de slibkwestie bij dalafsluitingen (On the silt question in impounding
reservoirs). K. Inst. Van Ingen. Afd. Ned-Indië, Tijdschr. Afl. III, blz. 1 (in Dutch).
Mikhalev M.A. 1971, Control of silting in reservoirs on mountain rivers. Proceedings of the XIV
Congress of the IAHR, 29 August - 3 September, 1971, Vol 5, Hydraulic research and its impact
on the environment, pp. 1-4.
Molinas A. and Wu B. 1997, Non-equilibrium sediment transport modeling of Sanmenxia Reservoir.
Energy and Water: Sustainable Development, Proceedings of Theme D, Water for a Changing
Global Community, 27th Congress of the IAHR, San Francisco, California Aug. 10-15, 1997, F.M.
Holly Jr. and A. Alsaffar, eds, pp. 126-131.
Morris G.L. 1995a, Reservoir sedimentationand sustainable development in India: problem scope and
remedial strategies. Sixth International Symposium on River Sedimentation, Management of
Sediment: Philosophy, Aims, and Techniques, New Delhi, 7-11 November, 1995, Balkema,
Rotterdam, pp. 53-61.
Morris G.L. 1995b, Reservoirs and the sustainable development of water resources. Sediment
Management and Erosion Control on Water Resources Projects, Fifteenth Annual USCOLD
Lecture Series, San Francisco, California, May 15-19, 1995, pp. 17-28.
Morris G.L. 1996, Reservoirs and integrated management. Reservoir Sedimentation, Proceedings of
the St Petersburg Workshop May 1994, S. Bruk and H. Zebidi, eds, IHP-V, Technical Documents
in Hydrology no. 2, UNESCO, Paris, 1996, pp. 135-148.
Morris G.L. and Fan J. 1997, Reservoir Sedimentation Handbook: Design and Management of Dams,
Reservoirs, and Watersheds for Sustainable Use, McGraw-Hill, New York, xxiv+805 pp.
Moser T.H. and Sears W.D. 1976, Sediment control at Imperial Dam. Proceedings, 3rd Federal
Interagency Sedimentation Conference, 1976, pp. 2.103-2.123.
Müller U. 1996, Verlandungsprobleme im Staubecken Palagnedra der Maggiakraftwerke (Problems
of reservoir sedimentation in the Palagnedra reservoir, Maggia power scheme). Internationales
Symposium Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme in Leitungen und
Kanälen, 1. Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 142, Versuchanstalt für
38

Reservoir desiltation part I

Wasserbau, Hydrologie und Glaziologie der Eidgenössischen Technischen Hochschule Zürich, D.
Vischer, ed., pp. 59-74 (in German).
Nose M. 1982, Present trends in construction and operation of dams in Japan. Fourteenth International
Congress on Large Dams, Transactions, Rio de Janeiro, Brazil, 3-7 May 1982, Vol III, pp. 693728.
Okada T. and Baba K. 1982, Sediment release plan at Sakuma Reservoir. Fourteenth International
Congress on Large Dams, Transactions, Rio de Janeiro, Brazil, 3-7 May 1982, Vol III, pp. 41-64.
Ordoñez J.F. 1984, Catalogo de noventa presas y ayudes españoles anteriores a 1900. Comisión de
Estudios Históricos de Obras Públicas y Urbanismo, Madrid (in Spanish).
Orth F. 1934, Die Verlandung von Staubecken (The silting of reservoirs). Bautechnik, Vol. 12, pp.
345-358 (in German).
Parhami F. 1986, Sediment control methods in Sefid-Rud Reservoir Dam (Iran). Proceedings of the
Third International Symposium on River Sedimentation, the University of Mississippi, March 31April 4, 1986. S.Y. Wang, H.W. Shen, and L.Z. Ding, eds, pp. 1047-1055.
Partl R. 1976, Quantitative analyses of reservoir sedimentation. Twelfth International Congress on
Large Dams, Transactions, Mexico City, Mexico, March 29 - April 2, 1976, Vol III, pp. 10031022.
Paul T.C. and Dhillon G.S. 1988, Sluice dimensioning for desilting reservoirs. International Water
Power and Dam Construction, May, pp. 40-44.
Pemberton E.L. and Orvis C.J. 1991, Modeling settling basin deposition and sluicing. Proceedings of
the Fifth Federal Interagency Sedimentation Conference 1991, S.-S. Fan and Y.-H. Kuo, eds, pp.
4.123-4.130.
Peng L. 1989, Numerical modelling of sluicing in spiral flow. Fourth International Symposium on
River Sedimentation, June 5-9, 1989, Beijing, China, Ding L., ed., pp. 1403-1410.
Peng R., Chang D., Bai R. and Tan W. 1981, Formulas for calculating headward erosion on a bed load
delta. Journal of Sediment Research, No. 1, pp. 14-28 (in Chinese).
Pitt J.D. and Thompson G. 1984, The impact of sediment on reservoir life. Challenges in African
Hydrology and Water Resources, Proceedings of the Harare Symposium, July 1984, D.E. Walling,
S.S.D. Foster, and P. Wurzel, eds, IAHS Publication No. 144, pp. 541-548.
Qian N. 1982, Reservoir sedimentation and slope stability; technical and environmental effects.
Fourteenth International Congress on Large Dams, Transactions, Rio de Janeiro, Brazil, 3-7 May
1982, Vol III, pp. 639-690
Qian Y., Cheng X., Fu C. and Shang H. 1993, Influence of the upstream reservoirs on the adjustment
of downstream alluvial channel. International Journal of Sediment Research, Vol. 8(3), pp. 1-20.
Ramírez C. and Rodríguez A. 1992, History of the Cachí Reservoir. Sedimentological Studies in the
Cachí Reservoir, Costa Rica: Sediment Inflow, Reservoir Sedimentation, and Effects of Flushing,
M.B. Jansson and A. Rodríguez, eds, UNGI Rapport Nr 81, Uppsala University, Department of
Physical Geography, pp. 27-30.
Rechsteiner G. 1996, Ablagerungen im Stausee Gebidem und einige ihrer Folgen (Sedimentation in
the Gebidem hydroelectric reservoir and some of its consequences). Internationales Symposium
Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme in Leitungen und Kanälen, 1.
Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 142, Versuchanstalt für Wasserbau,
Hydrologie und Glaziologie der Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed.,
pp. 137-148 (in German).
Reed O. 1931, Swiss methods of avoiding silt deposits in reservoirs. Engineering News-Record, Vol.
107(8), pp. 289-290.
Rehbinder G. 1994, Sediment removal with a siphon at critical flux. Journal of Hydraulic Research,
Vol. 32(6), pp. 845-860.
Rienössl K. and Schnelle P. 1982, Sedimentation of small reservoirs in the high Alps. Fourteenth
International Congress on Large Dams, Transactions, Rio de Janeiro, Brazil, 3-7 May 1982, Vol
III, pp. 65-82.
Roveri E. 1981, Reservoir capacity concervation. Wasser, Energie, Luft, Vol. 73, pp. 199-201.
Salih E-T.H.M. 1994, The Effects of Flushing on the Fish Community in the Khashm el Girba
39

Reservoir desiltation by means of hydraulic flushing

Reservoir, Eastern Sudan. M.Sc. Thesis, Department of Fisheries and Marine Biology, University
of Bergen, 72 pp.
Schälchli U. 1987, Reservoir sedimentation and flushing in a hydraulic model. Topics in Hydraulic
Modelling, Proceedings of Technical Session B, XXII Congress of IAHR, Lausanne, 31 Aug.-4
Sep, 1987, J.A. Cunge and P. Ackers, eds, pp. 240-245.
Scheuerlein H. 1987, Sedimentation of reservoirs - methods of prevention, techniques of
rehabilitation. First Iranian Symposium on Dam Engineering, Teheran, Iran, June 1987.
Scheuerlein H. 1989, Sediment sluicing in mountain reservoirs. Proceedings of the International
Workshop on Fluvial Hydraulics of Mountain Regions, IAHR, Trent, Italy, Oct. 3-6, 1987, A.
Armanini and G. Di Silvio, eds, pp. B77-B88. Also in Fluvial Hydraulics of Mountain Regions,
Lecture Notes in Earth Sciences, Vol 37, 1992, Springer Verlag, pp. 223-234.
Scheuerlein H. 1990, Removal of sediment deposits in reservoirs by means of flushing. Hydrology in
Mountainous Regions II: Artificial Reservoirs, Water and Slopes, Proceedings of the Lausanne
Symposia, 27 Aug. - 1 Sep., 1990, R.O. Sinniger and M. Monbaron, eds, IAHS Publication No.
194, pp. 99-106.
Scheuerlein H. 1995, Downstream effects of dam construction and reservoir operation. Sixth
International Symposium on River Sedimentation, Management of Sediment: Philosophy, Aims,
and Techniques, New Delhi, 7-11 November, 1995, Balkema, Rotterdam, pp. 1101-1108.
Scheuerlein H., Müller J. and Luff H. 1996, Erfahrungen im Zusammenhang mit Kiestriftmassnahmen
an der Stauanlage Bad Tölz (Experience concerning gravel sluicing at the hydropower plant Bad
Tölz). Internationales Symposium Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme
in Leitungen und Kanälen, 2. Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 143,
Versuchanstalt für Wasserbau, Hydrologie und Glaziologie der Eidgenössischen Technischen
Hochschule Zürich, D. Vischer, ed., pp. 45-64 (in German).
Schöberl F. 1996, Analyse der Stauraumverlandung sowie der Verbesserungsmöglichkeiten der
Sedimentabspülung beim Lechkraftwerk Kniepass (Investigation of the reservoir sedimentation and
improvements for the sediment sluicing at the hydropower plant Kniepass). Internationales
Symposium Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme in Leitungen und
Kanälen, 1. Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 142, Versuchanstalt für
Wasserbau, Hydrologie und Glaziologie der Eidgenössischen Technischen Hochschule Zürich, D.
Vischer, ed., pp. 249-259 (in German).
Schoklitsch A. 1929, The hydraulic laboratory at Gratz 2: the research laboratory and the researches
undertaken therein, B.(f) on the flow of water through lakes. Hydraulic Laboratory Practice, J.R.
Freeman, ed., ASME, pp. 322-325.
Schoklitsch A. 1935, Stauraumverlandung und Kolkabwehr (The Silting of Reservoirs and Scour
Prevention). Vienna, 178 pp.
Seavy L.M. 1948, Sedimentation survey of Arrowrock Reservoir, Boise, Idaho, U.S. Bureau of
Reclamation, Denver, Colorado.
Sen S.P. and Srivastava A. 1995, Flushing of sediment from small reservoir. Sixth International
Symposium on River Sedimentation, Management of Sediment: Philosophy, Aims, and
Techniques, New Delhi, 7-11 November, 1995, Balkema, Rotterdam, pp. 885-901.
Shakir A.S. 1995, Sedimentation problems in Tarbela Dam in Pakistan. HYDRA 2000, Proceedings
of the XXVIth Congress of the IAHR, Volume 4, the Hydraulics of Water Resources and Their
Development, London, 11-15 Sep., 1995, J. Gardiner, ed., Thomas Telford Services Ltd, London,
pp. 272-277.
Shen H.W. and Lai J.-S. 1996, Sustain reservoir useful life by flushing sediment. International
Journal of Sediment Research, Vol. 11(3), pp. 10-17.
Sherman K. 1995, Solving a sediment disposal problem by changing reservoir dynamics. Sediment
Management and Erosion Control on Water Resources Projects, Fifteenth Annual USCOLD
Lecture Series, San Francisco, California, May 15-19, 1995, pp. 63-74.
Singh K.P. and Durguno"lu A. 1990, Economic reservoir design and storage conservation by reduced
sedimentation. Journal of Water Resources Planning and Management, Vol. 116(1), 85-98.
Sloff C.J. 1991, Reservoir Sedimentation: A Literature Survey. Report no. 91-2, Communications on
40

Reservoir desiltation part I

Hydraulic and Geotechnical Engineering, Delft University of Technology, Faculty of Civil
Engineering, 124 pp.
Sloff C.J. 1997, Sedimentation in Reservoirs. Ph.D. Thesis, Report no. 97-1, Communications on
Hydraulic and Geotechnical Engineering, Delft University of Technology, Faculty of Civil
Engineering, vii+267 pp.
Smrček A. 1929, The hydraulic laboratory of the Bohemian Technical University at Brunn, Pt 2.E.
Experiments on the motion of water in the interior of large reservoirs. Hydraulic Laboratory
Practice, J.R. Freeman, ed., ASME, pp. 510-511.
Spork V., Ruland P. and Köngeter J. 1995, Polluted sediments in small reservoirs. HYDRA 2000,
Proceedings of the XXVIth Congress of the IAHR, Volume 4, the Hydraulics of Water Resources
and Their Development, London, 11-15 Sep., 1995, J. Gardiner, ed., Thomas Telford Services Ltd,
London, pp. 248-253.
Stevens J.C. 1936, The silt problem. Transactions of the American Society of Civil Engineers , Vol.
101, pp. 207-288.
Su Y. 1995, Operational mode of the reservoirs in heavily sediment-laden rivers in China. HYDRA
2000, Proceedings of the XXVIth Congress of the IAHR, Volume 4, the Hydraulics of Water
Resources and Their Development, London, 11-15 Sep., 1995, J. Gardiner, ed., Thomas Telford
Services Ltd, London, pp. 278-283.
Sundborg Å. and Jansson M.B. 1992, Present and future conditions of reservoir sedimentation.
Sedimentological Studies in the Cachí Reservoir, Costa Rica: Sediment Inflow, Reservoir
Sedimentation, and Effects of Flushing, M.B. Jansson and A. Rodríguez, eds, UNGI Rapport Nr
81, Uppsala University, Department of Physical Geography, pp. 157-164.
Swiss National Committee on Large Dams 1982, General paper. Fourteenth International Congress
on Large Dams, Transactions, Rio de Janeiro, Brazil, 3-7 May 1982, Vol III, pp. 889-958.
Takasu S. 1982, Hydraulic design and model tests on a sediment release facility of Unazuki Dam.
Fourteenth International Congress on Large Dams, Transactions, Rio de Janeiro, Brazil, 3-7 May
1982, Vol III, pp. 21-40.
Tan Y. 1996, Reservoir design and management to control sediment. Reservoir Sedimentation,
Proceedings of the St Petersburg Workshop May 1994, S. Bruk and H. Zebidi, eds, IHP-V,
Technical Documents in Hydrology no. 2, UNESCO, Paris, 1996, pp. 149-194.
Tolouie E. 1989, Reservoir Sedimentation and Desiltation. M.Sc. Thesis, University of Birmingham,
U.K.
Tolouie E. 1993, Reservoir Sedimentation and Desiltation. Ph.D. Thesis, University of Birmingham,
U.K.
Tolouie E., West J.R. and Billam J. 1993, Sedimentation and desiltation in the Sefid-Rud Reservoir,
Iran. Geomorphology and Sedimentology of Lakes and Reservoirs, J. McManus and R.W. Duck,
eds, John Wiley & Sons, pp. 125-138.
Trommer B. 1996, Ausgleichsbecken Rempen: Notspülung 1995, Verlauf und ökologische
Auswirkungen (Compensation reservoir Rempen: test flushing 1995, development and
environmental impacts). Internationales Symposium Verlandung von Stauseen und Stauhaltungen,
Sedimentprobleme in Leitungen und Kanälen, 2. Teil, 28./29. März 1996 an der ETH Zürich.
Mitteilungen 143, Versuchanstalt für Wasserbau, Hydrologie und Glaziologie der Eidgenössischen
Technischen Hochschule Zürich, D. Vischer, ed., pp. 65-74 (in German).
Tschada H. and Hofer B. 1990, Total solids load from the catchment area of the Kaunertal
hydroelectric power station: the results of 25 years of operation. Hydrology in Mountainous
Regions II: Artificial Reservoirs, Water and Slopes, Proceedings of the Lausanne Symposia, 27
Aug. - 1 Sep., 1990, R.O. Sinniger and M. Monbaron, eds, IAHS Publication No. 194, pp. 121128.
Vali-Khodjeini A. 1996, A study on Sefidrud river sediment yield and its reservoir sedimentation
problems. Erosion and Sediment Yield: Global and Regional Perspectives, Poster Report Booklet,
International Symposium of the IAHS at Exeter, UK, 15-19 July, 1996, B.W. Webb, ed., pp. 106108.
Vali-Khodjeini A. 1997, Silting of the Sefidrud Reservoir and flushing. Poster Proceedings at the 5th
41

Reservoir desiltation by means of hydraulic flushing

Scientific Assembly of the IAHS, Rabat, Morocco, April 23 - May 3, pp. 195-201.
Vigl L. and Pürer E. 1996, Speicher Bolgenach - Feststoffbewirtschaftsungskonzept und erforderliche
Massnahmen (Bolgenach reservoir - concept of sedimentation management and required measures).
Internationales Symposium Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme in
Leitungen und Kanälen, 1. Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 142,
Versuchanstalt für Wasserbau, Hydrologie und Glaziologie der Eidgenössischen Technischen
Hochschule Zürich, D. Vischer, ed., pp. 223-230 (in German).
Vischer D. 1981, Verlandung von Flussstauhaltungen und Speicherseen: Einführung in das Thema
(Silting of starage areas in rivers and lakes: introduction). Internationale Fachtagung über
Verlandung von Flussstauhaltungen und Speicherseen im Alpenraum, Zürich, 22 und 23 Oktober
1981, Mitteilungen 53, Versuchanstalt für Wasserbau, Hydrologie und Glaziologie an der
Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed., pp. 9-25 (in German).
Vogt A. 1927, Schlammtransport durch schwimmende Heber-Bagger (Sediment transportation by
means of a floating lift-dredger). Fordertechnik und Frachtverkehr , Vol. 20, pp. 454-457 (in
German).
Vorob’ev A.S., Magomedov Z.A. and Onishchenko A.A. 1990, Combined removal of sediments from
the Chiryurt Reservoir. Hydrotechnical Construction, Vol. 23(8), pp. 467-470.
Vriens W. 1996, Freilegung des Grundablasses des Stausees Bolgenach der Vorarlberger Kraftwerke
AG (Uncovering the bottom drain of the Bolgenach storage lake of the Vorarlberger Kraftwerke
AG). Internationales Symposium Verlandung von Stauseen und Stauhaltungen, Sedimentprobleme
in Leitungen und Kanälen, 2. Teil, 28./29. März 1996 an der ETH Zürich. Mitteilungen 143,
Versuchanstalt für Wasserbau, Hydrologie und Glaziologie der Eidgenössischen Technischen
Hochschule Zürich, D. Vischer, ed., pp. 93-101 (in German).
Wada A. 1994, Sediment-laden flows: control of inflow and outflow. Water Quality and Its Control,
IAHR Hydraulic Structures Design Manual 5, M. Hino, ed., A.A. Balkema, Rotterdam, pp. 111125.
Wada A. 1995, Japan’s experience in reservoir sediment management. International Reservoir
Sedimentation Workshop, San Francisco, Federal Energy Regulatory Commision, Washington,
D.C.
Wagner E.K., Karlsböck N. and Niedermühlbichler H. 1996, Spülung des Speichers Margaritze
(Flushing of the Margaritze Reservoir). Internationales Symposium Verlandung von Stauseen und
Stauhaltungen, Sedimentprobleme in Leitungen und Kanälen, 1. Teil, 28./29. März 1996 an der
ETH Zürich. Mitteilungen 142, Versuchanstalt für Wasserbau, Hydrologie und Glaziologie der
Eidgenössischen Technischen Hochschule Zürich, D. Vischer, ed., pp. 123-136 (in German).
Wang W.C., Tsai C.-T., Hsu S.-K. and Hsieh C.-D. 1995, Evaluation of alternatives for reservoir
sediment removal - a case study. Sediment Management and Erosion Control on Water Resources
Projects, Fifteenth Annual USCOLD Lecture Series, San Francisco, California, May 15-19, 1995,
pp. 381-387.
Wang Z.Y., Huang J. and Su D. 1997, Scour rate formula. International Journal of Sediment
Research, Vol. 12(3), pp. 11-20.
Wei Y. 1986, The silt problem in San Men Gorge Dam and its remodifying project. Journal of Water
Resources, Vol. 5(2), pp. 188-192.
Westrich B.J. 1997, Reservoir sediment management related to sediment quality and contamination.
Energy and Water: Sustainable Development, Proceedings of Theme D, Water for a Changing
Global Community. 27th Congress of the IAHR, San Francisco, California Aug. 10-15, 1997, F.M.
Holly Jr. and A. Alsaffar, eds, pp. 96-101.
White W.R. 1990, Reservoir sedimentation and flushing. Hydrology in Mountainous Regions II:
Artificial Reservoirs, Water and Slopes, Proceedings of the Lausanne Symposia, 27 Aug.-1 Sep.,
1990, R.O. Sinniger and M. Monbaron, eds, IAHS Publication No. 194, 1990, pp. 129-139.
White W.R. and Bettess R. 1984, The feasibility of flushing sediments through reservoirs. Challenges
in African Hydrology and Water Resources, Proceedings of the Harare Symposium, July 1984,
D.E. Walling, S.S.D. Foster, P. Wurzel, eds, IAHS Publication No. 144, pp. 577-587.
Willi W. 1981, Verlandung und Spülung des Beckens Innerferrera der Kraftwerke Hinterrhein
42

Reservoir desiltation part I

(Silting-up and scouring of the small Innerferrera Reservoir of the Hinterrhein Hydroelectric
Scheme. Internationale Fachtagung über Verlandung von Flussstauhaltungen und Speicherseen im
Alpenraum, Zürich, 22 und 23 Oktober 1981, Mitteilungen 53, Versuchanstalt für Wasserbau,
Hydrologie und Glaziologie an der Eidgenössischen Technischen Hochschule Zürich, D. Vischer,
ed., pp. 157-163 (in German).
Wilson H.M. 1903, Irrigation in India, 2nd ed. U.S. Geological Survey Water-Supply Paper, Vol. 87,
238 pp.
Wu C.M. 1983, Desilting experience of the Jensanpei Reservoir, ROC-Japan. Seminar on Soil and
Water Conservation and its Control on Slopeland, National Science Council, R.O.C., Interchange
Association, Japan, December 1983, p. 26.
Wu C.M. 1989, Hydraulic properties of reservoir desilting. Proceedings of XXIII Congress of the
IAHR, Hydraulics and the Environment, Technical Session B: Fluvial Hydraulics, Ottawa 1989,
pp. B587-B593.
Wu C.M. 1991, Reservoir capacity preserving practice in Taiwan. Proceedings of the Fifth Federal
Interagency Sedimentation Conference 1991, S.-S. Fan and Y.-H. Kuo, eds, pp. 10.75-10.81.
Xia M., ed., 1983, Sediment Problems in Design and Operation of Medium and Small Size Reservoirs,
Science Press, Beijing (in Chinese).
Xia M. 1989, Lateral erosion, a storage recovery technique for silted up reservoirs. Proceedings of the
Fourth International Symposium on River Sedimentation, Beijing, China, pp. 1143-1149.
Xia M. and Ren Z. 1980, Methods of sluicing sediment from Heisonglin Reservoir and its utilization
downstream. International Symposium on River Sedimentation, Beijing 1980. Li B., ed., pp. 717726.
Xu M. 1993, Strategy of reservoir sedimentation control in China. International Journal of Sediment
Research, Vol. 8(2), pp. 21-41.
Xu M. and Lu X. 1991, Reservoir sedimentation control strategies in China. Research Report for Rural
Development Consultants of Netherlands.
Yang G. and Luo M. 1989, River training works in Gezhouba project on the Yangtze. Sediment
Transport Modeling, Proceedings of the International Symposium, New Orleans, Lousiana, Aug.
14-18, 1989, ASCE, S.S.Y. Wang, ed., pp. 630-635.
Yoon Y.N. 1992, The state and the perspective of the direct sediment removal methods from
reservoirs. International Journal of Sediment Research, Vol. 7(2), pp. 99-116.
Zarn B. 1992, Numerical simulation of sediment management in reservoirs planned along the River
Rhine upstream of the Lake of Constance. Sediment Management, Proceedings of the 5th
International Symposium on River Sedimentation, Karlsruhe, 1992, University of Karlsruhe,
Institute of Hydraulic Structures and Agricultural Engineering, Vol. 2, pp. 853-860.
Zhang C., Tang Z., Feng J. and Zhao B. 1992, Review about measures of sand drainage and reducing
silt at the Hongqi Reservoir. Sediment Management, Proceedings of the 5th International
Symposium on River Sedimentation, Karlsruhe, 1992, University of Karlsruhe, Institute of
Hydraulic Structures and Agricultural Engineering, Vol. 2, pp. 815-819.
Zhang H., Xia M.-D., Chen S.-J., Li Z.-W., Xia H.-B., Jiang N.-S. and Lin B.-W. 1976, Regulation
of sediments in some medium- and small-sized reservoirs on heavily silt-laden streams in China.
Twelfth International Congress on Large Dams, Transactions, Mexico City, Mexico, March 29 April 2, 1976, Vol III, pp. 1223-1244.
Zhang H., Yang W. and Meng G. 1983, Sediment-controlling problems in Yunnan hydroelectric
projects. Second International Symposium on River Sedimentation, Nanjing, pp. 378-389 (in
Chinese).
Zhang R. and Qian N.1985, Reservoir Sedimentation, Lecture Notes of the Training Course on
Reservoir Sedimentation, IRTCES.
Zhang Y. and Feng S. 1993, Multiobjective programming model for sediment sluicing and power
generation in reservoir operation. International Journal of Sediment Research, Vol. 8(1), pp. 25-37.
Zhou F., Chen B. and Song C.C.S. 1997, 2-D flow and sediment simulation for the flood regulation
of a reservoir with water intake. Energy and Water: Sustainable Development, Proceedings of
Theme D, Water for a Changing Global Community, 27th Congress of the IAHR, San Francisco,
43

Reservoir desiltation by means of hydraulic flushing

California Aug. 10-15, 1997, F.M. Holly Jr. and A. Alsaffar, eds, pp. 275-280.
Zwerner G.A., Johnson J.W. and Flaxman E.M. 1942, Advance report on the sedimentation survey
and suspended-matter observations in Lake Issaqueena, Clemson, S.C., 1940-1941. U.S. Soil
Conservation Service, SCS-SS-37, Washington, D.C.
Zyrjanov A.G. 1973, Dynamics of reservoir silting of Ouchi-Kurgan Hydroelectric Station and
experience of preventing of sediment siltation. Hydrotechnical Construction, No. 1, pp. 32-37 (in
Russian).

44

Reservoir desiltation part II

RESERVOIR DESILTATION PART II: A REVIEW ON MODELS
AND GEOMORPHOLOGICAL EFFECTS OF FLUSHING
ABSTRACT
The existing literature on resulting reservoir geomorphology after hydraulic reservoir flushings has
been systematically examined and evaluated. The emphasis has been put on cross-sectional and
longitudinal variations in geomorphology due to flushing, but also the available literature on physical
models and analytical modeling and a short section on depositional processes are included as well.
Key Words: Cross-sectional and longitudinal erosion pattern, physical model, one and twodimensional analytical model

3.1 INTRODUCTION
The background for reservoir desiltation has been examined in a companion paper. This paper focuses
on the geomorphological and sedimentological effects associated with hydraulic flushing of reservoirs,
but also examples on both physical and analytical models, carried out to understand the underlying
processes better, are included. It can be noted from the references given, that the research undertaken
on this subject is younger than the research on efficiency of flushing. An explanation of this may be
that the efficiency appears to be the first proper measure for reducing sedimentation in reservoirs.
However, the depositional pattern and the erosional pattern during flushing may show that although
flushing efficiency is high, cf. companion paper Part I, some sediments are still deposited in areas
where removal of them is more difficult.

3.2 DEPOSITIONAL PROCESSES
3.2.1 General
To understand the erosional patterns during hydraulic flushing of a reservoir, the depositional patterns
are first described. Usually, coarse-grained material is deposited in deltaic formations, whereas the
deposits of fine-grained material are distributed more uniformly through the reservoir. As desiltation
actions mostly are undertaken in reservoirs on rivers carrying high sediment loads, this section is
dealing with sedimentation patterns under influence of water inflow with high sediment content.
The difference in density between the inflowing sediment-laden water and the clear water, impounded
in the reservoir, will force the denser inflowing water to dive beneath the reservoir water. Bell (1942)
described this as when diluted turbid water plunges beneath the reservoir surface, it continues to flow
as separate muddy stream. Everything then appears to be happening in slow motion, every movement
seem exaggerated, and if a submerged channel exists on the floor of the reservoir, the muddy current
flows in that, climbs to surprising heights on the outside of the slightest bend, even abandoning the
channel completely at sharp turns (Bell, 1942).
If muddy underflows reach the dam, a muddy submerged lake will form where the suspended sediment
will settle slowly over a period of months (Bell, 1942). An early observation on such a submerged lake
was made in the lower part of the reservoir Lake Issaqueena, USA, by Johnson (1942). During the
settling process, a submerged muddy lake decreases in depth, increases in density and it requires only
a few hours for the turbid water to become so dense that subsequent underflows may be forced to
move along the interface as interflows (Bell, 1942). This behaviour will give a minimum of
disturbance to sediment previously deposited (Bell, 1942). Bell (1942) also pointed out that it should
be noted that the surface of the submerged lake is just as real and definite as the plane contact between
air and water at the surface of the lake. The density of the interflowing layer may differ from that of
the others by as little as 0.001 percent (Bell, 1942). Although much of the sediment can be carried with
density flows, some material will deposit, so the difference in grain size between sediment deposited
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in the delta area and those that are carried far into the lake by submerged flow can be pronounced
(Bell, 1942).
The character of the reservoir will affect the percentage of sediments reaching the dam. Zhang et al.
(1976) stated that for medium and small-sized reservoirs in mountainous regions, due to a steep
gradient of the river bed, short length of backwater and fine grain size of the sediments from the loess
region, the sediment entering to the reservoir will soon reach the dam. They also pointed out the
importance of sedimentation at the reservoir entrance. Under the effects of reservoir sedimentation in
the previous stage, the elevation of the upper end of the sediment deposit often rises far higher than
the maximum reservoir level, known as tail raising, due to the adjustment of the river bed (Zhang et
al., 1976).
During the construction of the dam and the first period of reservoir operation, density currents move
along the original river channel. Later, after the original river channel has been filled, density currents
will move on a wider reservoir bottom (Fan, 1985). In case of steep-sloping bed, a turbidity current
might erode the reservoir bed, pick up sediment, become heavier, accelerate, etc., in a self-forming
cycle, but in most situations the turbid underflow is a depositing one (Sloff, 1991).
Morris and Fan (1997) argued that the creation of muddy lake deposits will reduce the effect of density
currents since they replace the original sloping bottom with a nearly horizontal surface extending
upstream from the dam. This reduction in bottom slope reduces the gravitational force during the
current forward (Morris and Fan, 1997). Turbidity-current movement to the dam can possibly be
enhanced by delta deposition that shortens the effective length of the reservoir and moves the plunge
point closer to the dam, reducing the travel distance for the density current and possibly increasing the
slope (Morris and Fan, 1997).

3.2.2 Sedimentation models
Physical model tests on sedimentation have, for example, been carried out by Chee and Sweetman
(1971) in a 0.76 m wide flume, Hotchkiss (1989, ref. Hotchkiss and Parker, 1991) in a 0.15 m wide
flume, and Ito (1993) in a 0.40 m wide flume.
There exist many analytical depositional models in the literature, but some accounting for density
currents are given in Fan (1980), where a one-dimensional density current model to predict deposition
is presented, and in Sundborg (1992b, 1992c), where a method for computing reservoir sedimentation
with account for density currents is described. A recent paper where analytical modeling of
sedimentation is treated has been written by Sloff (1997).

3.3 DEPOSITIONAL PROCESSES DURING DRAWDOWN
Besides between drawdowns of water level in a reservoir, depositional processes also occur during
drawdowns, but in other patterns. For example may oscillations of the water level move delta deposits
closer and lower toward the dam and facilitate removal by flushings, but the deposits should not be
too close to the dam so they may block the intakes (Krumdieck and Chamot, 1979). Long and Zhang
(1981) reported that following the reconstruction and lowering of the water level in the pool of the
Sanmenxia Dam, China, the sediment deposited was pushed forward to the lower portion of the pool.
During a phase of slow lowering in the Cachí Reservoir, Costa Rica, short waves of high-turbid water,
released through the bottom gates, where produced. This indicated that turbid water had accumulated
in the bottom-near water layers close to the dam site (Sundborg, 1992a). Sundborg (1992a) concluded
that the depositional processes in the reservoir will change character if this canyon valley becomes
filled with deposited sediment. However, delta development in this reservoir will progress
irrespectively of flushing operation (Sundborg and Jansson, 1992). In the same reservoir, Erlingsson
(1992b) conducted a side-scan sonar survey. He found that the thalweg, i.e. the old river channel,
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generally was darker downstream, meaning that grain size and wet-bulk density decreased, due to
higher gas content. Because of water-level drawdowns, no gas-rich layers existed on the terraces above
levels that had experienced drying. He argued that the accumulation rate was much higher in the
thalweg, since the gas content was higher there due to turbidity currents.
Simultaneous erosional and depositional processes during flushing have been noted by Chen and Zhao
(1992) in the Nangin Reservoir, China, where degradation of previously deposited material occurred
in the downstream reach while bed material was deposited in the upstream reach. Prediction of degree
of sedimentation at different water levels and operational strategies have for example been made by
AB Hydroconsult (1995), for the Angostura Reservoir, Costa Rica.
It can be concluded that if the water level is drawn down, the deposits will shift toward the dam and
turbid water will have a greater possibility of reaching the dam, resulting in muddy lake deposits. If
flushing is done, a flushing channel will be scoured out and be kept free from sediment. Due to higher
density of incoming flow, sediments will preferably deposit in the channel and not on the terraces, and
the reservoir’s life time can be kept high.

3.4 SEDIMENT-WATER INTERACTIONS DURING DRAWDOWN
Lowering of water level will increase the tractive force at the bed surface and initiate sediment
movement (Qian, 1982). To reentrain reservoir sediments that have been allowed to deposit, the
tractive force required is larger than that needed to prevent its deposition (Mahmood, 1987). For fine
material this condition is more pronounced. Clay layers, even a few years old, can form a stubborn
bottleneck and retard flushing by creating a control section (Mahmood, 1987). The erosion of mud
depends, for example, on grain size, mineralogical composition, water content of the sediment,
percentage of sand in the mud, and salinity of interstital water (Bouchard et al., 1989). Du and Zhang
(1989) showed that initial erosion and rupture of consolidated cohesive sediments are closely related
to their unit weights. Furthermore they stated that the resistance of cohesive sediment erosion in front
of the dam is much greater than the sandy sediment in the middle part of the reservoir, so the progress
of retrogressive erosion in the reservoir is governed by the erosion of cohesive sediment near the dam
region (Du and Zhang, 1989). When erosion of the reservoir bed has commenced, the flow soon
becomes hyperconcentrated. When concentration increases, the settling velocity decreases, thus the
flow can transport very high concentration under relatively small flow (Wu, 1989).
If flushing under pressure is carried out, the velocity of flow away from the outlets decreases very
quickly so that, in a relatively short distance, the velocity becomes too small even to move the fine
material (White, 1990). Rapid drawdown may initiate slides and reservoir sidewall collapse (Yoon,
1992). Binnie et al. (1992) pointed out that if rapid drawdown is done, appropriate investigations
should be carried out, since pore pressure much lower than conventional assumptions may be present
in clay soils.
Formation of mud crust during subaerial exposure may decrease the thickness of the dehydrated layers
to about one-half and sometimes one-third of its former value (Axelsson, 1992), and during the
process of compaction, the resistance to erosion increases. An example on a different approach to
determine critical shear stresses of cohesive sediment was described by Samad et al. (1995), who
conducted laboratory tests on sediment in the Elephant Butte Reservoir, USA. Calculations on
incipient sediment movement in the bottom-outlet gallery during flushing can be found in Sinniger and
De Cesare (1996).
Petitjean et al. (1997) argued that mud slides can be due to loading of deposits due to emersion,
dissipation of pore pressure leading to consolidation of the deposits, under-pressure at the foot of the
bank as sediments are drained away, and carving effect as the river bottom is hollowed out. Qi (1997)
argued that when the water level of a reservoir is suddenly lowered, the pore water in the saturated
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deposits cannot be drained out in time, the mechanical strength of the deposits is decreased, and a mud
flow is formed under the action of infiltration pressure and gravitation.
As a summary, it can be said that lowering of the water level will increase the energy slope and the
tractive force at the bed surface, thus facilitating erosion. If cohesive sediments are present or the
flow’s sediment-transporting capacities is fully utilized, the erosion may be limited. If, however, the
incoming flow is hyperconcentrated, or has become hyperconcentrated due to erosion, the settling
velocity will decrease, the flow will become denser, and by that increase its erodibility.

3.5 CROSS-SECTIONAL EROSION PATTERN
An early observation on the cross-sectional erosion pattern during flushing of the Villar Reservoir, Río
Lazoya, Spain, was reported by Nagle (1902, ref. Brown, 1943). There, sediment was removed only
from the old stream channel, and the high banks of deposits were left on either side. The main channel
will undergo aggradation and degradation alternately, and the flood plains alone will keep raising
slowly (Zhang et al., 1976). With the rising of the river flood plain, the difference in height between
the floodplain and the channel increases, and the reservoir assumes a profile of high floodplains and
a deep channel (Zhang et al., 1976). Guo and Li (1984, ref. Morris and Fan, 1997) noted from the
Hengshan Reservoir, China, that lower discharges tended to cut narrow channels and larger flows
produced wider channels.
In the Hengshan Reservoir, China, mud on the floodplain surface slid gradually into the channel. In
reaches far from the dam, the channel was broadened by the erosion at the foot of the banks, leading
to forming of a rectangular cross-sectional form and causing the coarse floodplain deposits to collapse
vertically into the channel (Fan, 1985). Initially a carved-out channel is narrower than the original river
width, but with periodic flushings the scoured channel will approach the pre-dam width of the river
(Mahmood, 1987).
Sundborg (1992a) made some observations during flushing of the Cachí Reservoir, Costa Rica. He
noted that as soon as the braided channel network within the upper reservoir basin was exposed,
erosional processes started to change the channel pattern, both by downcutting and by lateral
migration. However, the general pattern was stable, and the quantitative amount of eroded material
from the upper basin area seemed to be relatively small. In the main basin of the reservoir, shores were
left bare at successively lower levels. Different shore processes were initiated, depending on the
character of the shores. Minor gullies were formed, a process that continued and was more pronounced
at still lower water levels. During the slow one-meter lowering per day period, preceding the rapid
evacuation phase, most erosion took place by lateral erosion of the steep terrace scarps and channel
banklines, and by downcutting within the channels (Sundborg, 1992a). Slumping scars could be
observed where material had slid down from the steepest parts of the inner gorge towards the bottom
of the canyon, adding material to the high-concentration flow (Sundborg, 1992a). No indications of
any general degradation of the terrace surfaces were observed, except a miniature drainage network
in the upper basin of the reservoir (Sundborg, 1992a). From the same study, Erlingsson (1992a) noted
that the most extreme erosion during the flushing had occurred in an outer bend of the old river
channel and that erosion on terraces usually were restricted to local depressions.
Randle and Lyons (1995) studied drawdown tests in Lake Mills, USA. With increased flow, the width
of the channel in the delta region increased, and they stated that rapid rates of drawdown may cause
the river to incise the delta and leave large volumes of delta sediment behind with unstable banks.
Furthermore, they noted that by holding the water level constant, lateral erosion was induced in the
delta. The resuspension of mud due to the sliding of the river banks can quickly become much more
important than the purely hydrodynamic erosion at the bottom of the river (Bouchard, 1995). When
a bank collapses, the channel tends to move laterally so the channel cross section remains essentially
unchanged (Di Silvio, 1996).
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Based on data from four different reservoirs, Atkinson (1996b) found that the channel width, w [m],
formed during flushing correlated well with the flushing discharge, Q [m3 s-1], alone with no apparent
sensitivity to slope or sediment properties, according to
w ! 12.8 Q 0.5

(1)

The side slope which will develop during flushing depends on the sediment properties, the degree of
consolidation, the depth of the deposits, and perhaps also the extent of water-level fluctuation during
flushing (Atkinson, 1996b).
If flushing channels are excavated before flushing, increased effect may be obtained in that particular
reach due to more concentrated flow. However, experience from the Bad Tölz Reservoir, Germany,
showed that the erosion did not follow the artificial channel to any greater extent (Scheuerlein et al.,
1996). Lateral shifting of the flushing channel occurs as the bed elevation rises and fine-grained floodplain deposits on the channel banks are eroded, (Morris and Fan, 1997). The flushing channel may
deepen, by using either small or large flows, until it encounters the armoured bed of the
preimpoundment river. Afterwards further erosion can occur only by widening of the channel by bank
failure, which is the primary mechanism involved in the widening of flushing channels (Morris and
Fan, 1997). The larger erosion values of the thalweg deposits compared with higher situated deposits
can also be explained by the fact that no fluvial erosion can take place when lowering of the water
level will leave upper sediments dry, not affected by the water flow (Brandt and Swenning, in press).
From the above it can be concluded that the old river channel, i.e. the thalweg of the reservoir, can be
kept free from deposited sediments without too much effort. The old flood plain above the thalweg
will gradually rise if no additional measures are undertaken.

3.6 LONGITUDINAL EROSION PATTERN
3.6.1 General
The resulting longitudinal geomorphology varies from reservoir to reservoir. Mostly because the
longitudinal pattern of flushing processes varies with both erosional and depositional processes. If
flushing is done under a short period of time, the amount removed may differ at different distances
from the dam. However, as Takasu (1982) noted, after some time the bottom level will be almost equal
in the two cases where one has deposits close to the dam and the other far from the dam. If the
negative step moving upstream and the positive step moving downstream meet, the flushing action is
completed (Mahmood, 1987).
The planform appearance of the flushing channel in the reservoir may vary in the longitudinal
direction. At both the Cachí Reservoir, Costa Rica, and the Hengshan Reservoir, China, the flushing
flow crosses the coarse delta deposits as a braided or wide shallow stream, instead of the deep incised
channel typical of the downstream portion of the reservoir (Morris and Fan, 1997).
Brandt and Swenning (in press) found a local minimum of erosion depth in the longitudinal profile,
at some distance upstream from the dam, in the Cachí Reservoir, Costa Rica. They associated this
erosion pattern with both depositional and erosional processes. The depositional pattern could be
described as thick deposits of coarse grained material close to the reservoir entrance, thin deposits in
the middle of the reservoir and again thick deposits of finer material closer to the dam. The thick
deposits close to the dam could be explained by density currents reaching as far as the dam, where they
dissipate and deposit material, and the thick deposits at the reservoir entrance could be explained by
deposition of bedload. Flushing will then remove practically all of the deposits close to the dam and
the middle reaches and much of the material in the uppermost region.
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3.6.2 Erosion pattern due to pressure flushing
Zhang et al. (1976) noted that by releasing flow through the bottom outlet, a funnel can be scoured
out just upstream from the dam. Emptying the reservoir is not necessary since the flow will have high
velocity (Zhang et al., 1976). An attempt to predict how far such releases affect the sediment deposits
has been given by White and Bettess (1984), and a diagram is presented on the limit distance of scour
in static water depending on reservoir depth and outlet discharge.
Jin (1992) noted that the bed slope of the scoured cones is smaller in the direction extending upstream
from the dam along the longitudinal axis, compared with the transverse sediment slopes perpendicular
to the outlet axis. The longitudinal slope can be high if the water surface is high and flow velocities
are small. Furthermore, the transverse slope is often affected by river banks or adjacent sluice gates,
so it cannot develop freely (Jin, 1992). He also noted that the maximum depth of scour is directly
proportional to grain Froude number.

3.6.3 Retrogressive erosion pattern due to flushing
During flushing in the Hengshan Reservoir, China, a channel was rapidly formed which deepened
continuously and extended upstream in the floodplain deposits. During emptying and flushing this
process is known as retrogressive erosion and is often initiated at the scoured funnel close to the dam
(Fan, 1985). Depending on the characteristics of the deposits, the resulting channel form may differ.
In the Shuicaozi Reservoir, China, Du and Zhang (1989) observed a steeper slope in the region where
cohesive sediment is predominant. Yoon (1992) pointed out that the cutting down due to retrogressive
erosion develops along the longitudinal profile only while the lateral widening is weak.
Zhang (1995) noted that scour depressions in the bed profile are distinct features during the process
of headward erosion in cohesive material. Continuous headward erosion, i.e. with a smooth bed
profile, will take place if dry density is less than 1,200-1,250 kg m-3. If density is larger, it will appear
as local drop headward erosion (bluff erosion), i.e. with a stepped bed profile (Zhang, 1995). He also
pointed out that headward erosion in coarse beds only can develop as continuous.
Morris and Fan (1997) stated that retrogressive erosion is the principal method for the formation of
flushing channels through reservoir deposits and that it is characterized by a zone of high slope and
rapid erosion, moving upstream along a channel having a lower slope and erosion rate. In more
consolidated deposits, retrogressive erosion will move upstream more slowly (Morris and Fan, 1997).
The most intense erosion occurs near the highest slope, and the knickpoint continuously moves
upstream, causing the foreset slope to decrease (Morris and Fan, 1997).

3.6.4 Progressive erosion pattern due to flushing
When the incoming flow is capable of eroding the reservoir deposits, progressive erosion, where the
erosion moving downstream, may occur. An example where this may have occurred is the Gurnsey
Reservoir on the North Platte River, USA. The effects of the withdrawals were lowering of the
thalweg in the middle part of the reservoir, 3.5 to 12.5 km above the dam, but also raising of the
thalweg at the closest 3.5 km to the dam, due to redeposition (Lara, 1973).
Vorob’ev et al. (1990) noted that an increase of the cross-sectional area of the reservoir, due to
flushing, leads to some lowering of water level of the flushing flow in the main channel. The slope in
the upstream stretch of the reservoir will then increase, increasing the flow velocity and effectiveness
of erosion of the sediments (Vorob’ev et al., 1990). If bottom sluices are undersized, the coarser
material eroded from the reservoir delta will be deposited in the backwater region near the dam (Fan
and Morris, 1992).
Morris and Fan (1997) argued that at progressive erosion, the rate of bed erosion will initially be rapid
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because of the large available sediment-carrying capacity of clear water. As the flow progresses
downstream and entrains sediment, its capacity to erode and transport additional sediment will
decrease, eventually reaching zero (Morris and Fan, 1997). This can be offset in reservoirs by the
tendency for deposits to be coarser and less erodible at the upstream end (Morris and Fan, 1997). They
also pointed out that a turbidity current may be formed by the eroded sediment.

3.6.5 Summary
The erosion during flushing can be divided into three parts. First a scour hole is created in the vicinity
of the dam when the bottom gates are opened. After that, retrogressive erosion will proceed upstream
from the dam and progressive erosion will propagate downstream from the upper end of the reservoir,
due to lowered water level making the flow riverine. If flushing is allowed to continue for such a long
time that erosion diminishes, the longitudinal eroded depths are, clearly, closely related to the
depositional pattern in the reservoir.

3.7 FLUME STUDIES
3.7.1 Resulting morphology
One early example of laboratory experiments in flumes, to gain more insight in flushing techniques
was described by Willi (1965, ref. Sloff, 1991). Later, Peng et al. (1981, ref. Shen and Lai, 1996)
performed experiments in 0.5 and 1.5 m wide flumes to study bed-profile evolution during drawdown
operations. Their study also resulted in a one-dimensional retrogressive erosion model (Peng et al.,
1981, ref. Zhang and Qian, 1985)
Hotchkiss and Parker (1988; see also Hotchkiss and Parker 1990, ref. Sloff, 1991) performed physical
model tests on noncohesive sediments in a 0.15 m wide flume. Operation of the sluicegate produced
a very sharply defined foreset slope in the reservoir bed upstream from the sluicegate. They noted that
if the sluicegate is lowered, while the lower part of the gate opening is fixed in height, a positive water
surface wave proceeds upstream accompanied by downstream progressing aggradation starting at the
flume entrance. If the sluicegate is raised, a negative surface wave is created, accompanied by
upstream progressing degradation. From the flume results they presented an equation on the required
gate opening to achieve a desired drop in reservoir bed elevation,
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Cd is a discharge coefficient (was between 0.5 and 0.7 in the experiments), g is acceleration of gravity
[m s-2], h is gate opening [m], hN is normal open-channel depth [m], q is water discharge per unit width
[m2 s-1], ηR is upstream bed elevation [m], ξR is reservoir water surface elevation [m], and ξT is
tailwater elevation downstream from the dam [m].
Hotchkiss (1989, ref. Shen and Lai, 1996) did experiments in a 0.15 m wide flume with steady
sediment supply and water discharge from upstream. Without sufficient drawdown, he found that only
a short scour area was formed by local flushing, in front of the sluice gate, and that the corresponding
recovery in reservoir storage capacity was very small in this situation. A study on scour depths of
flushing cones was made by Shaun (1989, ref. Shen et al., 1993), based on both field and laboratory
data. For flushing under pressure, Shen et al. (1993) used both new laboratory data and the laboratory
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data from Shaun (1989) to establish a regression formula for determining the erosion depth of a
flushing cone in noncohesive sediment,
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D50 is median grain size [m], H is flow depth above sluice opening [m], ho is sluice-gate opening size
[m], hd is depth of sediment deposit [m], he is erosion depth [m], g is acceleration of gravity [m s-2 ],
V0 is critical velocity for sediment movement [m s-1 ], γ is specific weight of water [kg m-2 s-2 ], and γs
is specific weight of sediment [kg m-2 s-2].
Lai (1994, ref. Janssen and Shen, 1997) presented a comprehensive set of results for reservoir
drawdown experiments conducted in a 2.44 m wide flume with steady clear water inflow and with a
desired water level. A flushing cone formation was developed close to the gate opening. After a small
amount of sediment had been flushed out of the reservoir from the flushing cone, in short period of
time, no more deposits could be removed by this local flushing (Lai, 1994, ref. Shen and Lai, 1996).
When sluice-gate opening increased, water level was drawn down and a significant water slope was
generated, retrogressive erosion occurred, moving upstream by back-cutting deposits, to create a
relatively straight flushing channel (Lai, 1994, ref. Shen and Lai, 1996). He also found that the
flushing channel eventually reached an equilibrium width, where the flushing channel characteristics
were very similar to those observed in the field (Lai, 1994, ref. Shen and Lai, 1996).
The flume studies have since then been continued by Lai and Shen (1995). They noted that
retrogressive erosion occurred toward the upstream direction when the water surface elevation was
about the same level as the bed surface near the gate. Lai and Shen (1996) investigated the flushing
processes during drawdown flushing, including outflow sediment discharge, characteristics of the
flushing channel and flushing effectiveness. They noted that after opening of the central sluice gate
of 1 cm, a flushing cone was created. Once a flushing cone has been formed and no sediment is
moving into the cone, no sediment will be removed from the flushing cone (Lai and Shen, 1996). The
opening was increased to 10 cm, the water surface dropped and flow conditions turned into freesurface flow conditions. At this phase, water-surface gradient near sluice gate increased significantly.
The flow first eroded the rim of the flushing cone and began cutting through the deposits.
Consequently, retrogressive erosion took place along the initial channel and propagated toward
upstream to create a straight flushing channel. At this stage, a significant amount of sediment was
flushed through the reservoir, and the initial channel deepened and widened. Lateral erosion on the
floodplain was also observed before the flushing flow was drained and confined into the flushing
channel, specifically in the region near the dam (Lai and Shen, 1996). They also found out that
outflowing sediment discharge can be related to outlet discharge, water-surface gradient, and flushing
channel width under free flow conditions, but not under pressurized flow.
Physical model tests by Fang and Cao (1996) showed that large amounts of sediment is released in the
beginning of flushing, and that clearer water will be released later on. First a funnel-shaped crater was
developed with an angle of repose of the sediment. When water level was drawn down, the backwater
moved downwards causing progressive erosion, and when the water level was lowered below the
topset of the deposits, retrogressive erosion took place (Fang and Cao, 1996). They also pointed out
that although the effect of the funnel scour is restricted to the zone close to the intake, it has a very
important role in preventing coarse sediment from passing through turbines.
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Janssen and Shen (1997) performed physical model tests of flushing during drawdown with uniformly
sized noncohesive sediment, being transported as bed load, and steady incoming flow with no
incoming sediment load. The tests showed that a flushing cone was formed due to the outlet being
located lower than the sediment level at the dam. Initially, when the water surface slope is small, little
erosion and channel widening occurs. Then, when the flow through the reservoir achieves riverine
conditions, the flushing channel widens and incises rapidly, due to steeper water-surface slopes. When
the flow through the reservoir is confined to the flushing channel, the channel incises more slowly into
the sediment bed, and widens intermittently by bank failure process. The rate of widening, where final
width is greater closer to the dam than farther away, and incision decrease until an equilibrium state
is reached (Janssen and Shen, 1997).

3.7.2 Real reservoir models
Many physical model tests simulate real reservoirs. Härri (1959) showed by flume experiments that
sediment deposited in the Innerferrera Reservoir, Switzerland, could be flushed out successfully and
that more sediment was removed in shorter times when the water discharge is increased. Carlson
(1975, ref. Bouvard, 1992) compared physical model tests with full scale operation and found that
periodic flushing was more effective than continuous flushing. Krumdieck and Chamot (1979, 1981)
reported on how to preserve a high useful reservoir capacity based on model tests of the Santo
Domingo Reservoir, Venezuela. Volkart (1981) reported on flume studies, in scale 1:50 of the Ferden
Reservoir, Switzerland, which were in good agreement of the prototype. Giezendanner and Dawans
(1981) and Dawans et al. (1982) conducted model tests and prototype experiments, shown to
satisfactory resemble real flushing, in the Gebidem Reservoir, Switzerland. Model tests by Jaggi and
Kashyap (1984) of the Baira Reservoir, India, showed that most silt, deposited upstream of the
diversion tunnel intake, could be flushed out.
Schälchli (1987) conducted model tests in scale 1:50 on a planned reservoir on the river Inn,
Switzerland, to reproduce sedimentation and flushing processes. From the tests he noted that sediment
configurations of both sand and plastic particles show better agreement with comparable observations
in nature than configurations of sand only. He also pointed out that the model should represent both
the coarse and the fine material to reproduce a flushing more correctly.
Other examples on experiments simulating real reservoirs can be found in Wu (1989) of prototype
experiments in 1:50 scale of the Gen-Shan-Pei reservoir, Taiwan, and Cassidy (1990) for sluicing at
the Cowlitz Falls project, USA. Wang (1992) did tests to simulate flushing of cohesive sediment in
a reservoir at Beijing, China. During drawdown of the water level, almost no sediment was flushed
out due to insufficient flow velocities. When the water level approached the deposit surface, erosion
commenced and a mudflow was released through the bottom outlets. After the mudflow had died out,
retrogressive erosion occurred, releasing more sediment. Because most deposited sediment is scoured
during retrogressive erosion, similarity of retrogressive erosion between prototype and model is the
key to success of the model tests. He concluded that the Froude number, the Reynolds number, and
the Hedstrom number should be identical with the prototype for the model to be able to simulate
Bingham fluid in open channel flow correctly. Shah and Kulkarni (1993) simulated flushing at the
Baira Reservoir, India, as well as reviewing model studies undertaken in India. Tu et al. (1995) built
two physical models in scale 1:50 of the Rock Creek and Cresta Dam reservoirs, USA. Flushing cones
were established and a sediment wave, representing a landslide was produced. Dum et al. (1996)
performed tests in 1:50 scale, of a debris detention basin at the Kreuzbergmaut hydropower station on
the river Salzach, Austria, and Heigerth and Medved (1996) performed model studies in scale 1:40 of
the Dionysen Reservoir, Austria, to determine positions of groynes for best effeciency of flushing.

3.7.3 Summary
The knowledge of the processes acting during flushing has increased thanks to several flume studies.
The data are more easy to obtain than a similar number of field observations and can readily be used
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to calibrate mathematical models describing the processes (see for example Lai and Shen, 1997).
However, since the equations obtained use flume data, they are often not applicable to real reservoirs
due to scale problems.

3.8 ANALYTICAL MODELS
3.8.1 General
Most flushing and sluicing practices are based more on experience than on understanding the physical
processes (Sloff, 1991). With analytical models such processes are possible to take into account.
Mathematical models for retrogressive erosion during flushing are recommended to use the full SaintVenant equations and must account for unsteady flow with adaptation of suspended sediment to the
equilibrium conditions (Sloff, 1991).
Since scour or fill at a cross section is by no means uniformly distributed across the channel width,
Chang and Fan (1996) suggested that fluvial simulation should be based on erodible-boundary models
instead of erodible-bed models. Petitjean et al. (1996) stated that only a three-dimensional model
seems appropriate to simulate sediment motions and patterns during reservoir emptying. However,
three-dimensional models are not yet used in practice due to prohibitive work to build and run the
models (Petitjean et al., 1996).

3.8.2 One-dimensional models
The earliest mathematical models reported in the literature were, naturally, one-dimensional. Fan and
Jiang (1980, ref. Fan, 1985; see also Fan and Morris 1992) developed a model for retrogressive
erosion and the methods of its computation under the conditions of a sudden drawdown of water level.
The equation is,
2
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where B is channel width, K is a proportionality constant that has to be determined from field study
(see Equation 1 in Chapter 2), S is slope of deposit surface in 10-4 , S0 is initial slope of deposit surface
in 10-4, Qo is outflowing discharge, Qsi is sediment inflow, z' is scoured depth in time t, and γ is specific
weight of water.
Cavor and Slavic (1982, ref. Bruk, 1985; 1983, ref. Sloff, 1991) developed a one-dimensional
mathematical model for the Sefid-Rud Reservoir, Iran. This model, extended with a procedure to find
the most efficient pattern of operating the bottom outlets, was reported by Bruk et al. (1983). Other
early one-dimensional-models to simulate flushing were made by Shuyou et al. (1988, ref. Sloff,
1991), where sedimentation as well as retrogressive erosion were included, Hotchkiss (1989, ref.
Sloff, 1991), and by Du and Zhang (1989) for retrogressive erosion of cohesive sediment in reservoirs.
Wang and Locher (1989) used the one-dimensional HEC-6 model to develop operational procedures
to minimize the accumulation of sediment in the Cowlitz Falls reservoir, USA. Pemberton and Orvis
(1991) used the STARS model, to simulate scouring rates for flushing of settling basins in Mexico and
Nepal. Comparison with the prototype showed reasonably good results. Morris and Hu (1992) used
the HEC-6 model to analyze the impact of changing gate operations when routing sediment through
the Loíza Reservoir during floods. Zarn (1992) used the one-dimensional MORMO model to simulate
flushing of the reservoir of Reichenau Hydropower Station, Switzerland. He concluded that the model
simulates bed geometry, grain-size distributions, and suspended-sediment concentrations satisfactory,
provided the sediment data is reliable. A one-dimensional diffusion model, where sediment transport
is represented by a unit stream power equation, was successfully used by Ju (1992) to calculate bed
profiles during headward erosion.
Shen et al. (1993) presented a one-dimensional diffusion equation, developed to simulate bed-profile
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variations, which could be solved both numerically and analytically. This paper was the first in a series
of papers from these authors on this subject. Lai and Shen (1995) developed an unsteady mobile-bed
model to simulate degradation flushing processes. The one-dimensional unsteady-flow equations in
a rectangular channel were described as,
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and the sediment continuity equation as,
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where g is acceleration of gravity, h is water depth, p is the porosity of the bed material, So is the
bottom slope, Sf is the friction slope, u is mean velocity, qs is volumetric sediment transport rate per
unit width, and zb is bed elevation.
Sen and Srivastava (1995) used Fan and Jiang’s (1980) equations for calculating the desiltation of the
Baira Reservoir, India (see Equation 6). The mathematical model obtained from the Baira desiltation
was then applied on the Kurichu Reservoir, Bhutan. Atkinson (1996a, ref. Atkinson, 1996b) developed
a numerical model for simulating sediment movement and scoured channel formation, Di Silvio
(1996) described a one-dimensional model to describe bottom evolution during flushing, and Kern et
al. (1996) used a one-dimensional model to simulate erosion and deposition in the Lauffen Reservoir,
Germany.
Lai and Shen (1996) presented a one-dimensional diffusion model, incorporating Equations 7 and 8
above plus,
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where K is the diffusivity, q is unit width discharge, and n is Manning’s roughness coefficient. In the
different papers the diffusion coefficient is varied by using different sediment transport equations. In
a later article, Lai and Shen (1997) used,
K!

q
θ(1#p)(s#1)

(12)

as the coefficient of diffusivity. They concluded that both the unsteady mobile-bed, Equations 7 to 9,
and the diffusion model, Equations 10 to 12, can simulate hydraulic flushing performed in a flume by
drawdown operations.
A couple of recent articles are, for example, Krok et al.’s (1997), where a one-dimensional model was
employed to simulate the bed profile evolution and the amount of sediment removed during flushing,
and Petitjean et al.’s (1997) where the one-dimensional MOBILI model was used, showed to have a
total error of 30% when validated on the Escale Reservoir, France.
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3.8.3 Two-dimensional models
Due to more powerful computers in recent years, two-dimensional models have come into use.
Bouchard et al. (1989) presented an analytical model, which was applied to the Escale and St Lazare
reservoirs, France, for modeling of erosion during flushing. They used a one-dimensional flow model
on a two-dimensional grid of the reservoir bottom. Ruland and Rouvé (1992) used a two-dimensional
model and a probabilistic approach to model the risk of erosion in reservoirs during drawdown. Based
on a case study, they concluded that the model generally is feasible for describing such processes.
Westrich and Al-Zoubi (1992) used both a one-dimensional and a two-dimensional model to
determine the dimensions of a flushing channel in the Isar River, Germany. After dredging the
channel, the flushing flows have eroded in the dredged areas. However, due to rapid water level
lowering, during flushing, slope failures have occurred, reshaping the dredged channel. Shen et al.
(1993) described a two-dimensional mobile-bed model to predict bed evolution in a reservoir and they
concluded that the model shows the capability of simulating lateral variation of bed elevation.
Bouchard (1995) used a one-dimensional flow model on a two-dimensional grid to simulate the
desiltation in the Kembs Reservoir, France, induced by the thousand-year flood. Jin (1995) used a
two-dimensional model for reservoir erosion to improve navigation possibilities and Spork et al.
(1995) described two-dimensional modeling of erosion, transport, and deposition of sediment in the
Haus Ley reservoir, Germany, using the RISMO model.
Tu et al. (1995), used the quasi two-dimensional FLUVIAL-12 model for a series of tests at Rock and
Cresta Dams, USA. The tests were conducted for various flow and drawdown conditions to simulate
hydraulic and sediment transport processes. Chang et al. (1996) did an evaluation of the feasibility and
effectiveness of sediment-pass-through of these reservoirs and Chang and Fan (1996) presented tests
and calibration of the FLUVIAL-12 model for the reservoirs.
Al-Zoubi and Westrich (1996) used a two-dimensional model for simulating flushing in a reservoir
on the Danube river, Germany, where use of a flushing channel decreased amounts deposited material
significantly. Petitjean et al. (1996) described the SUBIEF model, a two-dimensional model for
reservoir sedimentation and flushing, and Jacobsen (1997) used the 2d/3d numerical model SSIM
applied to the Lake Roxburgh, New Zealand, to study erosion and deposition during flood drawdown.

3.8.4 Summary
The use of analytical models is steadily increasing, as well as their complexity. With faster computers,
fully three-dimensional models should be common in the future. They will provide valuable tools for
predicting resulting bed morphology and flushing efficiency, especially in a long time perspective for
different types of operation. Though the models agree well with laboratory experiments (see for
example Lai and Shen, 1996), a problem of the models is that, to this date, they not being universal.
For example, no sediment transport equation has yet been proved valid for all conditions. Furthermore,
erosion of cohesive sediments remains a field for intensive future research. However, if the models
can be calibrated reliably and the measured field data used for input is of good quality, they are very
valuable tools for the dam constructor and dam operator.
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DOWNSTREAM EFFECTS OF DAMS:
A REVIEW AND CLASSIFICATION
ABSTRACT
Depending on changes in released water flow and changes in released sediment load, relative to the
transport capacity of the flow, the effect of dams on downstream geomorphology has been reviewed
and grouped into a matrix consisting of nine cases. From the new matrix, resulting cross-sectional
geomorphology is possible to estimate. Furthermore, the extent of changes and their variability with
time, the tributary response to altered main-stream cross-section changes, and the changed flow’s
impact on the downstream biota have been discussed.
Keywords: Fluvial erosion; sediment deposition; alluvial; reservoirs; geomorphological changes;
ecology

4.1 INTRODUCTION
The number of publications on effects of dam construction on the environment, around the world, has
increased as dam construction has increased. At the same time the awareness and understanding of
different effects due to different types of impoundments have grown. During the last decades, dam
building has increased especially in the third world, generating new knowledge within the field of
fluvial geomorphology. Because of the location of the new dams and reservoirs, often in areas with
extreme conditions of warm climate, high precipitation rates, intense soil erosion, and short reaction
times for systems to adjust to new conditions, changes occur rapidly and their interpretation is
relatively easy. This is in contrast to more moderate environments, on which most of the earlier
knowledge was based, where changes do not occur as fast, making them more difficult to interpret.
Reviews of general effects of dams can be found in for example Neel (1963), Palancar Penella (1973),
Sundborg (1977), Volker and Henry (1988), Cassidy (1990), and Morris and Fan (1997). Obeng
(1981), Barrow (1987a, 1987b) and Olofin (1988) dealt with effects of dams and reservoirs in the
tropics, and Xu (1990b) with effects on the upstream reaches. Thorough reviews on geomorphological
downstream effects of dams have been written by for example Petts (1979, 1984a), Williams and
Wolman (1984), and Carling (1988). From these reviews it can be seen that earlier studies of the
impact of dams and reservoirs have predominantly been focused on the effects of general scour of the
main channel below the dams (Petts, 1979), because of engineering implications, while more recent
research has focused on particular conditions downstream of dams, for example at tributary entrances
etc. Other works describing geomorphological downstream effects include Petts (1980, 1982) and
Gregory (1987), where Petts (1982) also included comprehensive discussions on aggradation below
tributaries. Petts and Lewin (1979) and Higgs and Petts (1988) reviewed effects of river regulation in
the UK, Galay (1983) discussed degradation problems, and Zhou (1996) summarized effects
downstream from dams in China.
To the author’s knowledge there has not been made any classification system of downstream changes
due to impoundment. Since more articles have been published after the reviews by Petts and Carling,
the objective here is to make an up-to-date review of other authors’ findings, from downstream
reservoirs around the world. These findings are complemented with some theories found in the regular
fluvial-morphological literature grouped according to water and sediment input-changes from an
upstream reservoir. First the input from the dam, which is to what changes from upstream the river has
to adjust itself, is described. After that, different types and amounts of geomorphological and
sedimentological changes, which could be expected to occur after impoundment, are discussed and
grouped into nine cases. The last part treats the extent of changes and how they may vary with time,
the response of tributaries, and indications on if changes are due to construction of dams. Also some
examples on how the biota in the downstream reach may respond are given. This to point out the
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importance of geomorphological and sedimentological changes to the river eco-system.

4.2 THE INPUT FROM DAMS TO THE DOWNSTREAM REACHES
There exist a great variety of dams and reservoirs with great differences in dam release policies. As
a consequence, the difference in dam inputs to the downstream reaches introduce changes to the
hydrological regime that will vary from dam to dam. This input can be divided into a water flow part
and a sediment flow part, which both will interact with the downstream channel boundary. The
relationship between the flow’s transport capacity and released sediment load from the reservoir,
together with the relationship between the erodibility of flow and the erosivity of the river banks,
should determine changes that, in the long run, produce new stable conditions.
The effects upon the hydrological characteristics on the river downstream are primarily related to the
morphometry of the reservoir, spillway characteristics, and by the operation of reservoir releases
(Petts, 1984a). Most often dams are constructed for one or more of the following purposes: Flood
control, electric power generation, irrigation, sediment control, municipal supply, and industrial
supply. Common for most of them is loss of water, and therefore also reduction of stream power and
related sediment-carrying capacity, because of their purpose and by evaporation from the water
surface. Also common are cutting-off of water-discharge peaks. Some dams may release no or almost
no water at all, while others do not change the releases to any greater extent, as compared to pre-dam
conditions. Important to know is that all dams are affecting the natural water discharges in some way,
besides during extreme floods when only the major flood regulation dams have any major effect on
the water flow (Higgs and Petts, 1988). In this work the conditions are described as if there were only
one dam impounding the river, but besides the character of the dam construction that may affect the
flow in different ways, the number of dams also play an important role. For example, the effects of
individual weirs (small dams built across a river with water flowing over it, which herein are not
treated with any special attention) may be comparatively small, but the combined effects of successive
weirs may be substantial, even exceeding those of dams (Thoms and Walker, 1993).
Decrease in water discharge may also occur downstream from dams where water has been diverted
to other watersheds. This may lead to increase in water discharge in the river which has received extra
water, with stream power and sediment-transport capacity increase. Examples of diversions can be
found in Sammut and Erskine (1995), from an area in Australia, where regulation and complex
diversions of rivers have changed the natural flow schemes.
Besides changed water amounts released and reduction of incoming flood peaks from upstream, a
completely different diurnal and annual pattern of flow may occur. Diurnal changes may occur
because during daytime more water is used for electricity of industries than during night time, and
annual changes may occur because during rainy seasons the reservoirs are filled with water for later
use in dry seasons. Other characteristics of many regulated rivers throughout the world often include
sudden fluctuation of discharges (Petts, 1984a). As a measure of changes of flow, Benn and Erskine
(1994) proposed that water discharge should be described by standardized percentage change, Pc ,
P c! 100

X2/X1

! Y2/Y1

"1

"

(1)

which is the standardized percentage change of mean daily discharge of a given duration. X1 and X2
are mean daily flows of a given duration at the investigated place for pre- and post-dam periods
respectively, and Y1 and Y2 are mean daily flows of a given duration at a control station, not
influenced by dam, for pre- and post-dam periods respectively. Such a description of flow may
indicate direction of changes, as in for example the lower Kemano River, Canada, a highly active
gravel river, where Kellerhals (1982) reported that widening and straightening had occurred due to
tripled mean flow, but without a significant increase in largest flood. This means that intermediate
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flows can do considerable part of the work and that not all attention should be focused on bankfull
flow.
Not only is the water discharge affected, but also the sediment transport. Depending on the size of the
reservoir large amounts of sediment will be trapped, with only portions of the former load released
into the downstream reaches. According to Williams and Wolman (1984) the trap efficiency of, what
they call, large reservoirs is commonly greater than 99% whereas smaller reservoirs generally have
lower values. Often used to calculate the trap efficiency is the curve by Brune (1953), which is based
on reservoir capacity and inflow. As well as in load and concentration, a decrease in grain size of the
released sediments would be expected to occur. Depending on the reservoir location, the trapping of
sediment, especially in tropical and arid regions with prevalent soil erosion, might lead to problems
of considerable extent both upstream and downstream from the reservoir. Even if the reservoirs are
trapping most of the sediment this does not necessarily mean that the water downstream of the dams
will be relatively clear. Other factors within the river system can hide the effects from the dam. Olive
and Olley (1997), for example, found at some distance downstream of the Burrinjuck and Blowering
Reservoirs on the Murrumbidgee River, Australia, that one third of the annual water flow had been
abstracted after dam closure, while only one fifth of the sediment load had been removed. This
occurred due to sediment input from tributaries downstream of the dams.
At certain occasions a density current may be relieved from the reservoir releasing water with high
sediment content to the downstream reach, but usually the sediments in these currents are so fine that
they do not take part in the formation of river channels (Chien, 1985). Such raised downstream
sediment concentration has been observed during bottom-gate releases, where the sediment content
of the released water to the river downstream may be much higher than those of natural floods (Leeks
and Newson, 1989). These events clearly show the importance of the choice of dam-outlet gates on
sediment delivery when releasing flow. The sediment transport is also affected by water quality
changes, such as thermal change (Webb and Walling, 1996), which will influence the sedimentcarrying capacity of the flow.
To increase the lifetimes of reservoirs with high sedimentation rates different types of desilting
techniques can be used. Among these, the techniques of sediment sluicing and flushing are the most
common and of great importance to the downstream reach. Sediment sluicing means that sediment is
carried downstream with the running water through the reservoir and the dam outlets before it deposits
in the reservoir, either by density current or by open channel flow under backwater effect due to the
dam. Sediment flushing involves erosion of already deposited sediment and transportation of these
through the outlets of the dam (Yoon, 1992). During flushing the water level in the reservoir is
lowered to increase the flow’s erosivity. Therefore, considerable amounts of sediment may be
delivered to the downstream reach altering the normal downstream effects of a dam. During sluicing
the sediment transport rates are equal to those of natural flows, and during flushing the rates are equal
or higher than those of natural flows.

4.3 CHANGES IN THE DOWNSTREAM REACHES
4.3.1 General
4.3.1.1 Response of the fluvial system
Alluvial channels are generally considered to be systems in equilibrium, where the system responds
to input changes by negative feedback, or quasi equilibrium with the adding of a time lag between the
change in the process input variable and the internal morphological adjustment of the system
(Richards, 1985). Petts (1987b) grouped the effects due to impoundment into three orders. First order
changes are sediment load, water discharge, water quality, plankton etc., all describing the input to the
downstream reach from the dam and reservoir. Second order changes are changes of channel form,
substrate composition, macrophyte population etc. and third order changes are change in fish and
invertebrate populations. Biotic responses are usually faster than abiotic ones and will therefore follow
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the physical recovery process closely (Petts, 1987b); therefore will third order biotic variables change
before any changes have been noticed on the second order physical variables, and after that adjust
continuously until the river system has entered a new equilibrium. An example of use of this system
can be found in Benn and Erskine (1994), who evaluated changes on the Cudgegong River below
Windamere Dam, Australia.
Cross-channel shape adjustment, which can be regarded as the physical part of Petts’ second order
changes, will occur due to the new water discharge and sediment load conditions. This will involve
changes in width, depth and bed level of the channel and, as a secondary effect, change in slope. A
major conclusion from Carling’s (1988) review is that each reservoir-catchment system is unique,
producing singular responses that cannot easily be integrated into a basic general model except at a
facile level. Xu (1990a) formulated a descriptive model for downstream channel changes of reservoirs.
Stage 1: Due to altered input conditions (i.e. water discharge is flattened and sediment load is
decreased) channel width to depth ratio decreases, slope decreases, and sinuosity increases. Stage 2:
Because of the feedback from the changing boundary conditions, a reverse tendency appears, i.e.
width to depth ratio increases and sinuosity decreases and the rate at which gradient decreases
becomes very low. Stage 3: Equilibrium is achieved again and width to depth ratio, sinuosity, and
slope become constants, meaning the system enters a new stable state. In a later article he gives
examples, from rivers in China, described by the above model (Xu, 1996a).
Associated with slope-, discharge-, and transported-material changes are changes in bed material, both
in grain size and resulting forms, planform configuration, pools and riffles, but also response of
tributaries to changes in the main stream channel. Of course it is not only water discharge and
sediment concentration that determine channel changes. Several other parameters also affect the
system, like for example the grain size of transported particles, but generally water discharge and
sediment concentration are considered the two parameters that most closely describe changes to the
system.
Several controlled reservoir releases have been conducted to study the input of released water and
material from the dam and erosion of channel depositions under controlled conditions. The changes
of flow and water quality along the channel have shown to be more closely related to the travel rate
of the wavefront of the flow pulse released from the dam, than to the speed or magnitude of the wave
peak (Petts et al., 1985). Close to the dam the sediment concentration peak will precede the water
discharge peak, with a gradual change downstream so, after a distance, the water peak will precede
the sediment peak (Gilvear and Petts, 1985), with turbidity peaks lagging behind peak concentrations
(Gilvear, 1987). After a controlled reservoir release on the Afon Trewern, downstream Llyn Celyn
reservoir, Wales, Gilvear and Petts (1985) noted that fine organic matter dominated close to the dam.
Within 3 km downstream, minerogenic particles dominated the load, due to flushing of channel-bed
accumulations derived from tributary sources. They also noted that, when maximum stage was
maintained for several hours, the decay of suspended solids concentration with time related directly
to the depletion of in-channel sources. Gilvear (1987) also noted that for five UK rivers the load per
unit channel area correlated with the number of days since the last release.
4.3.1.2 Slope changes
Due to change in the input variables, water discharge and sediment discharge, a river has at least five
degrees of freedom available for adjustment, i.e. width, depth, slope, planform configuration, and
grain size. If the trapping effect of the reservoir is significant, most often the fluvial processes reduce
the sediment-transport capacity. This is achieved mainly through coarsening of the bed, with a change
in slope as an alternative (Chien, 1985). Chien (1985) stated, based on field and laboratory
observations, that the slope change due to erosion is usually of minor importance, but if the formation
of bed armour is impossible, adjustment of slope can be significant in order to reduce the transport
capacity so it matches the incoming sediment load. If degradation is at maximum at the upstream
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reaches below the dam, the slope will flatten as degradation proceeds and simultaneously decrease
sediment-transport capacity. Furthermore, slope changes may be significant because of changes in
river length or sinuosity, but also locally at tributaries due to addition of new debris.
4.3.1.3 Cross-sectional changes
The cross-sectional form can be described by width to depth ratio that, for example, will increase with
increased stream power and bank erodibility (Robertson-Rintoul and Richards, 1993). The effects of
geological differences on the erodibility and the relation between bed and bank erosion are illustrated
by rivers in eastern Australia, where construction of weirs has caused channels to become deeper in
sandstone gorges and wider and shallower in shale or alluvial reaches (Thoms and Walker, 1993).
Howard and Dolan (1981) stated that if the water is confined to a canyon, large variations in peak
discharge, suspended sediment loads, and bankside vegetation may be balanced by minor changes in
width of a channel. Under such conditions, shear stress will change more rapidly during slight erosion
or deposition of banks than if width is unconfined.
Lawler (1992) discussed process dominance in bank erosion systems and concluded, that hydrauliconly-approaches provide only part of the solution to understanding bank erosion processes. Charlton
(1982) reviewed causes of bank instability and methods to deal with them. Quantitative estimations
of the impact of bank erosion, on different types of river banks, have been made by Simons and Li
(1982). The influence of vegetation on the stability of stream banks are discussed by for example
Thorne (1990) and Gray (1994), where Thorne ordered several parameters into groups for evaluating
the effects of vegetation on riverbank erosion and stability. The first group contains bank parameters,
such as height, slope, cohesive or non-cohesive material etc.; the second group contains channel
parameters, such as shear stress of flow on banks, planform, sediment load etc.; and the third group
contains vegetation parameters, such as type, diversity, health, spacing etc.
The largest and most numerous alluvial sand deposits in Grand Canyon National Park, USA, are
formed in zones of recirculating current (Schmidt and Graf, 1990). Changes in hydrology after dam
construction may seriously change the appearance of these deposits, that are often formed as
separation and reattachment deposits in the vicinity of tributaries. Effects on a tributary confluence
bar, during a controlled release, have for example been studied on the river North Tyne, UK, by Petts
and Thoms (1987).
4.3.1.4 Planform changes
Changes in water and sediment input to the downstream reach may induce a change in planform
configuration. Empirically, it has been found that the degree of braiding increases as water discharge
is increased for a given slope, or as slope is increased for a given discharge. Increase in energy, and
thus shear stress, of flow in a straight low-energy channel, results in bank erosion and meandering of
the channel. However, the straight pattern, associated with low-energy flow, is rare in nature. A further
increase in energy will result in greater radiuses of bends, the channel thus becoming less sinuous, and
finally, development of a braided pattern (Begin, 1981). Ferguson (1987) noticed from British rivers
that, inactive straight or sinuous channels tended to have low stream powers per unit wetted areas,
while actively-shifting low-sinuosity channels where associated with high powers. McEwen (1994)
noticed greater tendencies for a channel to divide in areas with high stream power, providing
entrainment thresholds are low and no confinement of flow.
Sundborg (1956) suggested that, as bed load decreases, a channel becomes narrower and deeper and
tends to meander. This is in accordance with Shulits (1959), who observed from flume studies, that
bed-load transport is one third less in a 180-degree bend than in a straight channel. This results in a
meandering channel having a bed-load per unit width 20% less than a straight channel. Channel
pattern also varies with bed-material size. Schumm (1963) found that sinuous channels are
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characterized by a low width to depth ratio and a high percentage of silt and clay in the channel
perimeter, relative channels of coarser material. Bridge (1993) stated that, as bed-material grain size
decreases, braiding occurs at lower slopes and/or discharges. Schumm (1981) suggested that the
threshold load, power, or slope from meandering to braiding increase from suspended-load over mixed
to bedload channels. He also noted that the sinuosity of meandering channels increases when going
from bedload channels to suspended-load channels. Bettess and White’s (1983) study showed that,
at high discharges, increasing grain size decreased maximum sinuosity from about 1.6 to only 1.1, for
rivers with sand bed and gravel bed respectively.
4.3.1.5 Bedform changes
Changes in grain size are also coupled with changes in bedforms. For example, a plane bed was
observed in the Cowlitz River, USA, where normally dunes occur, due to increased slope and
decreased bed material size (Bradley and McCutcheon, 1987). Further, it appears that bedforms and
bedload movement do appear to be related to frequent flows, as compared to channel capacity and
meander morphology that seem to reflect more extreme flow events (Richards, 1982).

4.3.2 Classification of changes
Lane (1955) expressed the relation,

LD ! QS
(2)
where D is bed-material grain size, L is transported load, Q is water discharge, and S is slope, for
analyzing qualitatively, problems of river morphology. It shows that, for example, if sediment load
decreases and water discharge does not change, the river bed must become coarser or the slope
must decrease. In the following text, his approach is explored further to deal with cross-sectional
effects due to dam construction on alluvial rivers. The effects are grouped into nine cases according
to change in water discharge, Q, and the change in relationship between sediment load input, L, and
sediment-transport capacity of flow, K. By using a sediment-transport equation to calculate K, from
water discharge, Q, the relation between load and transport capacity can be determined. Resulting
geomorphology is shown in Table 1 and the schematic Fig. 1. These effects can be regarded as the
physical part of the second order changes in the trunk river, according to Petts (1987b). Before dam
construction the load transported and the transport capacity of the flow is thought to be equal, as in
alluvial channels under equilibrium conditions. The water discharge is thought to be the dominant
water discharge, i.e. the discharge that will give the same effects as the whole range of discharges
occurring. Harvey (1969) stated “To cause scouring of the channel the effective discharges must be
large enough to exert sufficient force to erode the bed and banks, occur frequently enough to maintain
the channel, and last for long enough to perform the work” and “channel capacity must ultimately be
governed by a balance between the erosive forces associated with high discharges and the
aggradational processes together with vegetational growth associated with lower discharges”. This
balance may be maintained by the annual flood in rivers with accentuated peak flow and at very rare
events in rivers with important baseflow (Harvey, 1969). Ackers and Charlton (1970), for example,
noticed that bankfull flow seemed to be the best parameter for describing sinuosity and meander
wavelength. Also Carling (1988) related dominant discharged to bankfull discharge where, at this
stage, resistance to flow is usually at minimum and bedload transport rate at maximum. Scheuerlein
(1995) defined dominant discharge as “the discharge for which the product of sediment transport
ability and duration becomes a maximum”, and suggested that the product of magnitude and duration
should be used.

4.3.2.1 Case 1: Decreased Q and L<K
Cross-section changes downstream of dams after decreased water discharges, Q, have been noted by
for example Gregory and Park (1974). After a reduction to 40% of pre-dam water peak discharges,
channel capacity was reduced by 54% downstream the Clathworthy Reservoir on the River Tone, UK.
Capacity reduction persisted at least down to where the flow drained an area four times the drainage
area of the reservoir. This reduction is in accordance with Petts (1979), who stated that “the primary
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Table 1. Anticipated channel changes due to changed input of water and sediment. Note that the number of references
cited should not be seen as a pure indication of the number of ocurrencies of each case, but one which may be biased
by the variation in interest in studying the different cases.
Case 1
Decr. Q
L<K

Case 2
Decr. Q
L=K

Case 3
Decr. Q
L>K

-

-

-

+

Width

-/+

-

-/+

Depth

-/+

-

-/+

0/D

0

Cross-sect. area

Bed level

Case 4
Case 5
Equal. Q Equal. Q
L<K
L=K

Case 6
Equal. Q
L>K

Case 7
Incr. Q
L<K

Case 8
Incr. Q
L=K

Case 9
Incr. Q
L>K

0

-

+

+

+

-/+

0

-/+

-/+

+

-/+

-/+

0

-/+

-/+

+

-/+

D

0

A

A

D

0

A

Formation

Formation

0

Disappearance

Erosion/
Deposition

Erosion

0

Deposition

Erosion/
Deposition

Deposition

Deposition

Pools

Erosion/ Deposition Deposition
Deposition

Erosion

0

Deposition

Erosion

Erosion

Erosion/
Deposition

Bedform state

! low
! low
! low/high
energy state energy state energy state

! low
energy state

0

! high
energy state

! low/high
energy state

! high
energy state

! high
energy state

Planform state

! low
! low
! low/high
energy state energy state energy state

! low
energy state

0

! high
energy state

! low/high
energy state

! high
energy state

! high
energy state

10

0

4

3

0

2

Terrace
Riffles

Number of
references cited

Formation Formation
Erosion

11

Erosion

5

2

Disappearance Disappearance Disappearance

Bedform state is described as a continuum from low-energy flow regime flat bed, over ripples, dunes, and plane bed
to antidunes, pertaining to high-energy flow regimes.
Planform state is described as a continuum from straight with low energy over meandering, and braided to straight
with high energy.
- signifies decrease, 0 no change, + increase, A aggradation, D degradation, K transport capacity, L sediment load,
and Q water discharge.

Figure 1. Schematic examples of possible resulting cross-sectional geomorphology, after changes in water discharge,
Q, and relation of sediment load to sediment transport capacity. Gray lines signifies cross sections before dam
construction and black lines after dam construction. Note that in Case 1, degradation may not occur if the reduced
water discharges are not capable of eroding and transporting the bed material even though the full flow capacity is
not used.
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long-term morphological adjustment within regulated rivers will be a decrease of channel capacity”,
i.e. reduction of width and/or depth, “in response to reduced flood magnitudes”. Such reduction must
be the case downstream of river diversions as on the River Derwent, UK, where Richards and
Greenhalgh (1984) noted capacity reduction. However, Williams and Wolman (1984) have found that
decrease in daily discharges and in peak discharges do not automatically mean reducing cross sectional
areas. That is, these flows do not adequately reflect the erosive flows. However, if the flow becomes
sufficiently small, it will only use the deeper part of the old channel, and vegetation can establish on
the rest of the old channel, which develops into floodplain (Williams and Wolman, 1984).
Because the load, L, in Case 1, is less than the capacity of the flow, K, some degradation may occur
if the bed material is fine-grained, but it is also likely that the reduced water discharges are not able
to erode and transport the material present before dam construction. However, the finest material may
still be available for transport resulting in armouring, i.e. when the surface becomes relatively coarser
than the underlying material. This is confirmed by, for example, Gessler (1971) who noted that if the
bottom shear stress in the reach downstream of a dam is very small, this would lead to armouring of
the initial bed by removing only the finer parts of the bed-surface material, but it would not affect the
slope. Ultimately the cross-sectional shape of the channel will be determined by the relative erodibility
between channel bed and bank material. Petts (1979) has noted lack of degradation below British
reservoirs that are cohesive, well vegetated, or lined with coarse sediments, and with regulated
discharges often well below the values for sediment transport. Under these conditions only reduction
in frequency of bankfull flows occurs. Also Kellerhals (1982) has not noted any significant channel
degradation downstream of major storage dams on gravel-bed channels, due to reduced or eliminated
ability of the post-regulation flow to move its bed material.
Wolman and Leopold (1957) suggested that rarer overbank flooding, due to reduction in magnitude
of annual flood, automatically disrupts the equilibrium and transforms a floodplain into a terrace.
Furthermore, if growth of tributary fans occurs after dam construction, reverse eddies, caused by the
constrictions, can initiate terrace formation both upstream and downstream of the fans (Howard and
Dolan, 1981).
The reduction of flow will have a positive effect on stabilization of rapids. Graf (1980), for example,
found after closure of the Flaming Gorge Dam on the Green River, USA, that 93% of the rapids were
now stable when prior to the closure the same figure was 62%, as indicated by the immobility of the
largest boulder in each rapid. Changes in riffle-pool sections could also be expected to occur after dam
construction. Both Hey (1986) from tracer studies and Sear (1992) downstream from the Kielder
Reservoir on the North Tyne, UK, noted that riffles scour under low flows and that this material later
may be deposited in the pools (Hey, 1986).
Reduced water discharges will decrease the flows’ capability to transport introduced sediments from
tributaries, even if the flow has an overcapacity. The result will be formation of a tributary deposition
or increased extent of already existent deposits. Petts and Thoms (1986) investigated the River Chew,
UK, at a tributary entrance and noticed a reduction of channel capacity due to markedly reduced flood
discharges, which were unable to transport the sediment loads introduced by the tributary. Thus the
channel will narrow locally due to the deposits, and the effect is a combined fluid discharge of both
channels, forced through a reach restricted in width by bar development, so if the opposite bank is
more erodible than the bar, erosion of the opposing bank might be expected (Howard and Dolan,
1981; Best 1987).
Examples of case studies, which changes could be addressed to this case, can be found in, for
example, Gurnell et al. (1990) where diversions have reduced flow and produced decreased cross
sections and changed channel pattern towards lower regimes (i.e. from high-energy straight over
braided to meandering). Nouh (1990) found degradation and width decrease on three ephemeral
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channels in Saudi Arabia after decrease in transported sediment and water. Sherrard and Erskine
(1991) noted, where on the sand-bed river downstream of Mangrove Creek Dam, Australia, reduced
mean and peak water discharges and concentration values have lead to reduced width, limited
degradation, but no armouring, and some aggradation below tributaries. The river has changed from
a wide, straight active sand-bed stream into a narrow, sinuous, well-vegetated sand-bed stream. Sear
(1995) noted on the gravel-bedded North Tyne River, downstream the Kielder Reservoir, UK, some
coarsening, degradation of riffles, aggradation of pools, and development of channel-side berms (sand
ridges parallel to flow) after 30-60% reduction of peak discharges.
4.3.2.2 Case 2: Decreased Q and L=K
As with Case 1 the decreased water-flow input from upstream will lead to decreased depth and width,
with creation of terraces and new floodplain from the parts of the channel that have been left dry. With
the implication that the load carried matches the carrying capacity, degradation and armouring are not
likely to occur, tributary depositions are expected to be somewhat more extensive, and riffles should
not be subjected to intensive scouring while deposition in pools increases. As well the rapids are likely
to get more stable.
Chien (1985) described from rivers in China that when attenuation in flood peaks occurs, growth of
floodplain is inhibited, mid-channel bars tend to stabilize, the flow into secondary branches is reduced
(both in quantity and duration), and the pools in meandering reaches, which have not been affected
by general degradation, will be raised. If a strengthening of medium flows occurs, this results in
deepening and decreases in width of the main channel, levelling of bed undulations, silting up of
secondary branches, and a reduction of the curvature of river bends. In the braided reach of the rivers
this together reduces the intensity of river wandering (Chien, 1985).
As noted by Petts and Lewin (1979), true reduction of channel capacities, and not only transformation
of parts of the old channel into terraces and non-active floodplain, requires introduction of sediment
by tributaries and/or redistribution of sediment within the channel. The most common sediment
sources are unregulated tributaries, where adjustments may occur most rapidly. The removal of flood
peaks means that the sediment supply from the tributaries also will increase due to an upstream
migrating erosional front of the tributary when the tributary base level is lowered (Petts, 1979). During
redistribution of sediment, channel-side berms may be produced, reducing both width and depth
simultaneously and lower the width to depth ratio (Petts, 1979, 1984b). After reservoir construction
on the river Rheidol, UK, Petts (1984b) noted deposition below a tributary confluence. The new
channel, at and right below the confluence, is narrower and relatively deeper with improved sediment
transport capacity. Generally, not only material derived from tributaries is deposited, but also some
material from the river flow. Commonly this occurs immediately downstream junctions, in flow
separation zones. Areas of fine-grained material deposited upstream from junctions has also been
noted, for example by Petts and Thoms (1986), who found this on the River Chew, UK, due to the
creation of backwater during periods of storm runoff.
Examples of case studies, which could be addressed to this case, can be found in for example Olofin
(1988) where lowered water levels have lead to gully erosion downstream of the Tiga Dam on the
River Kano, Nigeria. Church (1995) noted that the gravel bedded Peace River downstream the Bennett
Dam, Canada, has experienced reduced mean annual flood flows. As a result the old floodplain has
become a low terrace and the flow, due to reduced competence, is only capable of transporting sand
without degradation. The channel will probably develop into a stepped-appearance channel since it
cannot handle all incoming load from the tributaries (no pre-dam data on sediment load was available).
Milhous (1997) noted on the Trinity River downstream Lewiston Dam, USA, a 50% decrease of
bankfull width, sand increase in the substrate, and that former suspended load now is transported as
bed load because of reduced peak discharges. Some deposition downstream of the dam has occurred
due to sediment input from tributaries.
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4.3.2.3 Case 3: Decreased Q and L>K
As with the previous two cases the cross-sectional area of river flow will decrease, by reduction in
width and/or depth, because of reduced water discharges. Due to overloading of flow, material will
deposit leading to aggradation, with associated features of channel multiplication and bar deposition
(Hoey and Sutherland, 1991). Due to the deposition the area of the old channel is decreased. Whether
the sediment will deposit on the bed or at the banks depends largely on the grain sizes of the
transported sediment. Coarse-grained material tends to deposit on the bed while fine-grained material
tends to deposit at the sides of the channel. Increased deposition rates are expected, both at tributaries
and in pools. Depending on the degree of overloading, deposition may occur at riffles and rapids.
The case with decreased water discharge, Q, and load, L, exceeding capacity, K, may seem unusual
but exists, for example, if the sediment transported by the river is allowed to bypass the reservoir. A
common reservoir type in China is that of flood detention which purpose is to relieve the downstream
area from the threat of flooding. When the flood recedes, the stream channel in the reservoir will
resume its natural state. During the recession of the flood most of the sediment deposited in the
preceding stage will be eroded and sluiced out from the reservoir (Chien, 1985). Therefore, the
positive correlation between water discharge and sediment concentration in alluvial rivers does not
exist below flood-detention reservoirs. The non-wash-load sediment content is reduced for high flows,
but can be very high for medium and low flows (Chien, 1985). Low and medium flows after a flood,
already saturated with sediment, are loaded with an additional supply of sediment eroded from the
reservoir. The surplus material exceeding the capacity of the flow will deposit in the channel,
particularly in the upper part of the reach. Examples from China show that braided rivers deteriorate
further, than under natural conditions, if the sediment released from the dam during flood detention
is not significantly reduced. For example, a reach with outcropped rocks in Liu River was completely
covered with sand after a flood-detention reservoir was put into operation (Chien, 1985). Due to the
reduction of the flood peaks, the probability of the water to overflow the floodplains is reduced. The
effect is increased siltation of the main channel and raising of the bed, which reduce the difference
between bed and floodplain further, making the appearance of the flow more disorderly. Downstream
from the Sanmenxia Reservoir on the Yellow River, the reach is silting up at a rate much faster than
before the dam construction, with most severe aggradation associated with flood-detention operation
(Chien, 1985; Qian et al., 1993).
If, after impoundment, deposition of fines occurs on a coarse river bed, it will change its composition.
Petts (1988), for example, found on the River Daer and the River Derwent, UK, penetration depths
of fine material in unconsolidated bed material up to 60 cm. Flume studies on this subject have been
conducted by, for example, Einstein (1968) who found that the deposition of silt particles moving in
suspension will begin to fill the pores of the gravel from the bottom up leaving the upper layers of
gravel relatively clean; Beschta and Jackson (1979) who found from their flume study that intrusion
amounts are related to flow conditions as indexed by Froude numbers and sediment size; and Schälchli
(1995) who presented equations concerning the siltation of river bed.
4.3.2.4 Case 4: Equal Q and L<K
The case when only a reduction of sediment load occurs, will not lead to any greater changes of the
cross-sectional size of flow. However, the cross-sectional shape and position may change. When the
water has excess transport capacity, which is the case when transport capacity of the flow is greater
than the load, adjustments of transverse shape of a graded channel involve two mechanisms (Chien,
1985). One is the downcutting by the erosive clear water from the reservoir, which leads to deepening
and narrowing of the river channel. The other is bank carving or undercutting, which leads to
widening. As compared to natural rivers, there is a lack of rebuilding processes, giving net erosion,
because of elimination of both sediments and floods with overbank deposition. Whether the result will
be increased width, degradation, and/or armouring depends on the relative stability of bank and bed
material and the degree of the flows’ sediment deficiency. A width increase of flow will mean
decreased flow depth due to increased exposure of channel perimeter to flow while the area remains
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roughly the same.
Williams and Wolman (1984) stated that the simplest form of degradation is the removal of bars. With
further removal of material this will lead to downcutting and later widening if downcutting is
prohibited (Williams and Wolman, 1984). In connection to the degradation process, formation of an
erosion pavement is common. Chien (1985), for example, noted coarsening when debris cones or
layers of gravel are exposed through the removal of the surface material by the flow, leading to a
sudden coarsening of the bed composition so that further degradation is completely inhibited. He also
added that coarsening and pavement formation of the river bed also may occur due to differential
transport capacity for particles of different sizes. This could occur even if the flow is sufficient to
move all available particles in the bed. Later, these newly eroded particles may be deposited on even
finer-grained sediments farther downstream, extending the zone of coarse material. Pavement
formation will significantly increase bed roughness and lead to increased depth and decreased flow
velocity and sediment transport capacity, wherefore a slight increase of cross-sectional area might be
expected. An example from Huayuankou, China, describes a reduction in transport capacity of 65%
when the median diameter of the bed material coarsened from 0.10 to 0.13 mm (Chien, 1985).
Williams and Wolman (1984) have found that 20 to 50% of coarse material controls degradation of
the Red River downstream from Denison Dam, USA, showing that the bed does not need to be
covered entirely by coarse material for controlling degradation. These examples show that even minor
adjustments could be sufficient to stabilize an out-of-equilibrium reach. If an armour layer develops,
the difference in grain size between the uppermost and lowermost parts of the river will be more
pronounced than that of natural rivers, due to the coarsening of the river bed closest to the dam.
Reduction of sediment load, L, can also affect the channel width. Williams and Wolman (1984)
observed that, (i) decreased sediment load in the flow, enhances the capacity of the flow to entrain
sediment from the banks, (ii) decreased volume of sediment brought to, and deposited on or near, the
banks, due to the reduced sediment transport and decreased high flows, will give net removal of
material, and (iii) bed degradation, where it occurs, results in flows impinging at a lower level on the
banks, therefore undermining vegetation and the higher section of the banks.
Xu (1990a), noted from rivers in China, planform differences depending on the resulting processes.
Widening usually means that the river pattern of a braided channel remains an unstable braided one
or that a meandering river will shift to a braided one, provided the bankfull discharge is constant, and
downcutting of a braided channel may lead to a transformation of the channel pattern to a meandering
one. This occurs because higher width to depth ratio means more possibilities for formation of midchannel bars and therefore a less sinuous planform (Xu, 1990a). The shift from braided to meandering
is in accordance with flume experiments performed by Hoey and Sutherland (1991), who noted
channel pattern simplification where degradation took place.
Examples of case studies which changes could be addressed to this case can be found in for example
Rasid (1979) who noted width decrease, degradation (mainly in the thalweg), and some armouring,
due to reduced annual water discharge peaks (but no change in mean discharge) and 90% trapping of
the load in the reservoir impounded by the Gardiner Dam on the South Saskatchewan River, Canada.
Andrews (1986) noted a 10% width decrease due to reduced peak discharges on the Green River,
downstream the Flaming Gorge Reservoir, USA. No change in mean water discharge occurred and
the load decreased by 54%. Together with high discharges from tributaries this resulted in degradation
in the lower sand-bed reaches. Closest to the dam, degradation was limited because of bedrock. Lyons
et al. (1992) investigated the same reach some years later and found that width increased when water
flows resembled pre-reservoir conditions (i.e. with occasional high water discharges). Because of
reduced water-discharge peaks, but no change in mean flow, the effects could be described as
somewhere between Case 1 and Case 4. Xu (1996b, 1997) investigated the Hanjiang River
downstream the Danjiangkou Reservoir, China, and found accelerated bed degradation that abruptly
ceased due to emergence of a pre-dam deposited gravel layer. When this layer was reached, the
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roughness increased rapidly, with channel widening and slow slope increase as effects. Before dam
construction bank erosion was frequent, after construction it was very limited with almost only
degradation as effect, and after the gravel layer was reached bank erosion was frequent once again.
This bank erosion provided for both space and material for building of mid-channel bars and together
with large seasonal and inter-annual variations in discharge this have resulted in a frequently shifting
thalweg. Al-Taiee (1990) and Al-Ansari and Rimawi (1997) noted on the River Tigris downstream
the Mosul Dam, Iraq, bed coarsening and high degradation rates due to sediment deficiency and no
major changes in water discharge.
4.3.2.5 Case 5: Equal Q and L=K
Even though water discharge, Q, sediment load, L, and transport capacity, K, remain the same after
dam construction, as when the reservoir is small relative to the inflowing amount of water, suggesting
that no changes will occur, there still exist some possible causes of channel changes. Williams and
Wolman (1984) mention diurnal flow fluctuations (power or other controlled releases) causing
consistent bank wetting, promoting greater bank erodibility, and rapid changes in flow releases
(common with power dams), causing the river to wander indiscriminantly from one side of the channel
to the other, encouraging periodic erosion on first one bank and then the other without compensatory
deposition.
4.3.2.6 Case 6: Equal Q and L>K
The case when water discharge, Q, is not changed and sediment load, L, is greater than transport
capacity, K, is rarely found due to the sediment trapping effect of the reservoir. However, temporarily
this may occur during flushing. The sedimentological effects downstream from such reservoirs can
be extreme. Large quantities of deposited sediment have been found in the reaches below the Cachí
Reservoir, Costa Rica, where prior to flushing very little or no fine-grained sediments were present
in the reaches close to the dam (Brandt et al., 1995; Brandt and Swenning, in press), as well have
Boillat et al. (1996), in a channel that pass the water down to the river from the reservoir, downstream
the Gebidem Reservoir, Switzerland.
Due to the different travel times of the water and sediment-concentration peaks the percentage of
within-channel deposition will increase in the downstream direction (Brandt and Swenning, in press).
The effect will be a raising of the bed and increased probability of overbank deposition, with the
consequence that may be the reverse of an initial purpose to decrease the effect of flooding and instead
increase the risk of flood hazards. Similar effects have been noted on the Rio Grande, USA, where
water is diverted for irrigation and later redistributed back, but loaded with sediment, with tributaries
to the main river. Consequently, the channel has diminished in size and can no longer contain floods
as large as it once could, with significant damage downstream from the dam (Collier et al., 1996).
After a flushing, shifting of material, deposited upstream, to downstream reaches will take place
(Brandt et al., 1995). Concentration changes will closely follow water-discharge changes and the
transported load is equal to maximum transport capacity, because no sediment depletion exists (Brandt
and Swenning, in press). Temporarily increased concentrations, as after a flushing, may lead to
transformation of bedforms towards forms associated with higher flow regimes, as stated by Bradley
and McCutcheon (1987), who noted this when sediment concentration increased at approximately
constant hydraulic conditions and temperature.
Generally the released sediments during flushing are finer than the sediments constituting the
downstream river bed, thereby changing the grain-size distribution of the bed towards a finer
composition if depositing. The transition of a gravel bed to a sand bed has been reported from flume
studies by Sambrook Smith and Ferguson (1996). They found a gradually changing transport pattern
of sand on a gravel-bed with constant feed of water and sediment, but with gradually varying slopes.
When slope decreased, patches of sand started to form and finally the bed was completely covered.
This shows that the bed may not be covered by sand in the uppermost reaches, due to too steep slopes
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close to the dam.
The mechanisms of braiding due to overloading of flow have been debated for a long time. Leopold
and Wolman (1957) suggested that braiding can develop by sorting as the stream deposits those size
fractions which the stream is incompatible to handle. Kirkby (1980) said that, where load exceeds
transport capacity, the river must aggrade and braid, whereas if capacity exceeds load, the river can
afford to reduce its slope by meandering. Kellerhals (1982) pointed out that it is a common
misconception that braiding is only due to “overloading” of sediment in the river as highly braiding
degrading channels have been observed (Williams and Rust, 1969). Rather it appears to result from
certain combinations of flow and sediment (Kellerhals, 1982). The braided pattern can occur in two
ways (Chorley et al., 1984): “When there is active aggradation, bedload deposits as bars, the flow is
divided and the characteristic braided pattern develops. The other type of braided channel is associated
with a steep gradient where high stream power leads to the transport of large quantities of bedload”,
and “in order to move this material it is necessary to have a wide shallow steep-gradient channel”
(Chorley et al., 1984). Although shear stress increases with increased depth, transport is more effective
at lower depths and larger widths. A narrower and deeper channel would not give the same transport
rates because the bedload is transported close to the bed.
Depending on the characteristics of water flow and the transported sediment, the active river channel
will either narrow or shoal due to overloading. If the river narrows the flow will become deeper, which
is a characteristic of most suspended-load rivers. If the river aggrades, water will be forced over
existing boundaries with increased water-surface width as effect. Furthermore, raising of the bed level,
which will increase slope and possibly decrease grain size and roughness, might give a slight decrease
in cross-sectional area.
4.3.2.7 Case 7: Increased Q and L<K
When water discharge is increased and the flow is underloaded, the effect must be increased crosssectional area, partly through erosion of channel bed and banks and partly due to the greater extent
of flow. Former terraces, tributary depositions, and pools will be eroded, while riffles may experience
slight deposition or erosion depending on the degree of sediment deficiency. Armouring may occur
if underlying material is coarser than the previously eroded channel deposits. Kellerhals et al. (1979)
reported increased cross-sectional area as the most common effect from several rivers in Canada, that
have experienced increased flow due to river diversions. However, increased total water discharge is
not a requirement to obtain increased capacity. Petts and Pratts (1983) found below the Leighs
Reservoir on the River Ter, UK, a two-fold increase of channel capacity, dominated by increase in
channel width, after a ten-fold increase of low-flow discharge. This shows that low-flow discharges
are important when determining dominant discharge. Another study on a river responding with
increased capacity after experiencing increased water discharges due to a river diversion is that of
Church (1995), who investigated the Kemano River, Canada.
4.3.2.8 Case 8: Increased Q and L=K
As in Case 7, increased cross-sectional areas of flow will occur when water discharge is increased.
Due to matching load and transport capacities of flow there should not be net erosion nor deposition.
Chorley et al. (1984) stated that, at channel-forming discharges the faster flow erodes the pools and
the slower, assisted by the trapping effect of the rougher particles there, causes deposition on the
riffles. This is confirmed by Hey (1986) who conducted tracer studies in a pool-riffle sequence and
found that high flows scoured pools and deposited material on the riffles.
The increase in water flow may change the planform configuration. Begin (1981) noted that an
increase in shear stress increase the probability of a stream to braid, and that the high shear-stress
values also may explain the greater width to depth ratio of braided streams, as the result of intensive
bank erosion. Carson (1984b) came to a similar conclusion, “The higher is specific stream power, the
higher is capacity, but the higher also is the rate of imposition of excess sediment from the banks:
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hence higher stream powers involves more rapid thalweg-shoaling and earlier attainment of braiding”.
Carson (1984a) reported that the processes leading to braiding on most rivers in New Zealand involve
localized overbank flow. The water that spills over, with relatively little amounts of sediment, will
scour the surrounding areas and the remaining water in the channel, now with decreased discharge and
transport capacity, will cause shoaling and therefore increase the amount forced overbank. Another
reason for shoaling is heavy loads of gravel, shed from valley walls of outwash undercut by the stream
(Carson, 1984a).
4.3.2.9 Case 9: Increased Q and L>K
The situation with increased water discharge, Q, and overloading of flow should be very unlikely to
occur, but may exist if water has been diverted to the reservoir and is released during flushing, or
when an exceptional large flood is routed through the reservoir while flushing. Such flows will
increase cross-sectional areas and deposit material, thereby raising the bed level. However,
experiences from China show that if the flow is hyperconcentrated the effects may be the opposite.
Long and Qian (1986) noted that a hyperconcentrated flow passed through the meandering reach of
the Wei River without causing any deposition. Furthermore they noted that, when the load surpasses
400 kg/m3 in the Yellow River, the change in physical properties of the flow causes the flow to
maintain a high concentration. Wang et al. (1997) noted that even bed scouring will occur if the flow
is hyperconcentrated.
Examples of case studies where the flows can be attributed to this case can be found in Qi (1997) and
Li et al. (1997) who found from rivers in China that at hyperconcentrations, large-discharge floods
in wide shallow channels will transform them into narrow and deep channels.

4.3.3 Variability of changes
4.3.3.1 Variability of changes with time
In the above sections, the resulting geomorphology has been discussed at-a-time and at-a-station. This
section will deal with how changes are distributed over time and distance from the dam. Due to altered
water flow and movement of sediment by the construction, channel changes usually begin as early as
the early stages of dam construction. Furthermore, deposition of sediment in the reservoir generally
begins before the dam is closed officially (i.e. when the dam is put into operation) (Williams and
Wolman, 1984). Since it often takes several years to construct a dam, Williams and Wolman (1984)
suggested that it would be more logical to look at the date construction began than the closing date.
However, the full effect will not be reached until the closing date. Furthermore, the effects during
construction may be opposite to that of after dam closure, as Davey et al. (1987) noted on the
Thomson River, Australia, where increased downstream sediment transport and deposition occurred
close to the dam site during construction.
After large floods, causing major changes to the river system, the channel processes tend to reestablish
the conditions present prior to the flood. The climate has great importance on these adjustments. In
temperate regions, channels may regain their form in months or years after a rare flood, while in semiarid areas these rare events may produce progressive change (Petts, 1982). Thoms and Walker’s (1992,
1993) work from Australia show that adjustments in lowland channels may differ in character to those
experienced in high-energy upland river systems. Adjustment will therefore take longer time to reach
equilibrium conditions. They noted that the River Murray had not experienced major changes since
dam construction. Rather, it had only undergone subtle changes in the channel profile.
Graf (1977) suggested that the time of geomorphological changes can be explained in the same way
as chemists describe decay of radioactive isotopes, i.e. by the rate law,
A
(3)
(½)t/T! t
A0
where A0 is the amount of original material, At is the amount of original material remaining at time
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t, t is time elapsed, and T is half life. He termed the period between disruption and beginning of the
system change, reaction time, and the period between beginning of change and establishment of the
new steady state, relaxation time.
Of the rivers investigated by Williams and Wolman (1984), one half the total amount of width change
could occur in as little as one or two months after dam closure, i.e. about 5% of the total period the
rivers were supposed to change due to dam construction. Most of the rivers reached this amount
between one and a half and two years. Also for degradation, the largest amounts of sediment removal,
to adjust the slope, took place relatively quickly after dam closure. The degradation then diminished
with time as the bed became armoured, if the bed did not consist of only fine-grained material of
unlimited depth or the slope became too flat. Most of the rivers reached half their total amount of
depth change in seven years. The scatter of the adjustment periods is large for both width and depth.
The maximum values for half the amount of changes were 100 years and 340 years for width and
depth changes respectively. The degradation generally ceases within decades or a few centuries
(Williams and Wolman, 1984). The degradation, however, generally is not consistent in time. Usually
temporary periods of aggradation occur within the degradation period and the degradation may have
an abrupt end if bedrock is reached or an armour has developed. For the rivers investigated by
Williams and Wolman (1984), the initial degradation rates ranged from almost negligible to as much
as 7.7 m year-1, and degradation mainly occurred within the first 10 to 15% of the adjustment period.
4.3.3.2 Extent of changes
The distance from the dam and the fraction of water flow derived from the dam will, naturally, affect
the degree of changes. From rivers in the UK where the impounded catchment area formed no more
than 35 to 40% of the total drainage area, regulation showed no significant effect on the downstream
morphology (Petts, 1980). If dam construction leads to erosion of the channel, as in Cases 1, 4, and
7, the downstream recovery of sediment of the flow is greatest near the dam, at least the first time, with
a progressive shift downstream. Williams and Wolman (1984) noted from the investigated rivers in
the USA that it appeared that the material came from the bed closer to the dam and with a greater
relative contribution from banks farther downstream. Bull (1979) explained this with relative stream
power. In reaches where stream power clearly exceed critical power for sediment entrainment, vertical
erosion predominates, like for most mountainous regions, while in reaches where the stream is close
to the threshold value, lateral erosion predominates. Farther downstream, stream power usually is less
than the critical power, leading to sediment deposition (Fig. 2) (Bull, 1979). Furthermore, in the
downstream reaches the flow may be
affected by base levels. While the flow near
the bottom will be retarded, the flow near the
surface may not be so to the same degree.
The bottom flow’s being retarded, makes
lateral erosion more likely and vertical
erosion less likely, due to decrease in bottom
shear stress. Lawler (1992) divided bank
erosion processes into three parts (Fig. 2). In
the uppermost reaches of the river, subaerial
preparation processes, such as freeze-thaw,
dominate. These processes are thought to be
constant along the whole river course.
Farther
downstream
direct
fluvial
entrainment processes dominate, due to
larger stream powers when water discharge
Figure 2. Figure describing the variability of stream power and increases. In the lowermost parts of the river
critical stream power in an arid rocky drainage basin (Derived the dominating process on bank erosion is
from Bull, 1979, 1991) and efficacy of process leading to mass failure giving retreat of banks.
erosion of channel banks (Derived from Lawler, 1992).
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4.3.3.3 Width changes
Leopold and Wolman (1957) suggested that the primary adjustment is changed channel width with
later adjustment, within that constraint, of depth, velocity, slope, and roughness. They based this on
observations that the latters are, apparently, less directly controlled by discharge, and the variations
in width between rivers of equal discharge could be related to sediment concentration and the
composition of bed and banks. Relative width changes of the U.S. rivers investigated by Williams and
Wolman (1984) do not seem to be greater near the dam. Rather, they appear to vary randomly with
distance in some rivers or to remain constant in others. For the rivers that had experienced channel
widening there were indications that shallow channels increase in width at a somewhat greater rate
than do narrow deep sections. All investigated reaches below hydropower dams in their report had
undergone slight widening or practically no change, while reaches below non-hydropower dams with
little or no flow during a large part of the year had narrowed considerably.
4.3.3.4 Bed-level changes
Degradation, i.e. the most immediate morphological impact of dam constructions, will extend
progressively with time downstream from the dam. Flume studies generally show maximum
degradation at or near the dam relative to the total reach undergoing degradation (Williams and
Wolman, 1984). Wolman (1967) found, from nine rivers in the USA, that the location of maximum
point of degradation varies significantly between different rivers. The location varied between near
zero and about seventy channel widths downstream from the dam. Usually it was found slightly
removed from the dam, generally not more than twenty channel widths downstream. Why it is found
at a distance downstream from the dam has not been answered, but it seems possible that the
probability is greater if the dam construction is built on erosion-resistant geological settings. Williams
and Wolman (1984) noted degradation immediately downstream from all the dams of the 21 channels
except where the channels were constricted by very coarse material or bedrock. The migration rate of
the downstream edge of the degradation zone varied with flow releases and bed-materials (Williams
and Wolman, 1984).
Stabilization of a degrading channel can occur due to a variety of independent and dependent variables
(Williams and Wolman, 1984). Concerning the independent variables stabilization may occur if, for
example, bedrock emerges, the channel slope becomes controlled by downstream base level, the
inflow from tributaries equals the flows’ excess transport capacity, or growth of channel vegetation
occurs. The channel may also be stabilized through change of dependent variables, such as,
development of armour by winnowing of fines, decrease in flow competence by slope flattening,
increase in channel width resulting in decreased depth and/or redistributed flow velocities, or increase
of sediment inflow from tributaries due to base-level lowering in main river. In the downstream
reaches, below the point of stabilization, the degradation may then be succeeded by aggradation
(Williams and Wolman, 1984).
Following Chien (1985), the process of degradation in alluvial rivers can be described as follows (Fig.
3): The exemplified river before dam construction is slowly aggrading due to a slow decrease in
sediment transport capacity with a simultaneous decrease in load (Fig. 3a). The clear water from the
reservoir picks up sediments from the channel while traveling downstream. After a certain distance,
i.e. the distance of concentration recovery, the water flow becomes saturated of sediment, which
means that the transporting capacity of the flow is fully utilized. At the beginning of reservoir
operation, for example until a bed pavement has developed, this is also the point down to where the
river is degrading (Fig. 3b). If bed material is inhomogeneous, the river bed is coarsening during this
process giving lower transport capacity. This leads to the transported particles becoming fewer and
coarser. However, downstream from the concentration recovery point, plenty of fine-grained material
is still available in the bed. Due to larger transport capacity of the bed-material load of the flow than
the incoming load, further erosion downstream from the old concentration recovery point will take
place. In short, due to a limited supply of sediment and the increased roughness in the uppermost
reach, giving reduced transport capacity, the clear water released from the reservoir takes a longer
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Figure 3. Figures based on Chien’s
(1985) reasoning on distance of
concentration recovery, Lc, and
distance of degraded reach, Ld,
during a time series. 0 is just before
the dam is put into operation, and I,
II, and III are chronological times
after the dam is put into operation.

distance to obtain the same sediment concentration. This implies that the location of the concentration
recovery point shifts upstream and the point down to where degradation occurs, shifts downstream as
with the maximum degradation rate point (Figs. 3c, 3d, and 3e). Farther downstream, both the supply
of fine particles from the bed and the sediment transport capacity of the flow, increase progressively
with distance. This sediment-concentration increase with downstream distance from dam has been
noted during controlled reservoir releases by, for example, Beschta et al. (1981) and Gilvear and Petts
(1985).
Several attempts, for example by Hales et al. (1970), Aksoy (1971), Komura (1971), Kinawy et al.
(1973), Williams and Wolman (1984), Lu and Shen (1986), and Annandale (1987), have been made
to predict the amount of degradation, both empirically and more physically based, incorporating the
rate of sediment transport etc. A review of all these equations is beyond the scope of this article, but
it should be noted that their success of predicting varies, and most of them only seem valid under
conditions for which they were constructed.
If the downstream effect is channel aggradation, this will continue until the slope is steep enough to
provide the velocity required to transport all the debris delivered to the stream (Mackin, 1948). If
channel-side depositions of coarse material do narrow the channel and confine the flow, thus
permitting sediment transport through the reach, this allows for the depositional front to develop
progressively downstream (Petts, 1979). Only a few studies on aggradation are present in the
literature, but examples of calculations of depth and length of aggradation due to sudden overloading
have been done by Jain (1981) and Soni (1981).
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4.3.4 Tributary response to main stream changes
The major effect of main-stream changes on the tributaries will be change of their base levels. An
increase of water flow or aggradation, and by that base-level raising, will only affect the tributaries
up to a level where the backwater curve intersects the original profile (Leopold et al., 1964). For most
occasions, however, as in Case 1 and 4, a lowering of base level due to decreased water flow or
degradation could be expected. Several reasons for this exist (Germanoski and Ritter, 1988): (i)
Channel bed degradation will lower the flow level of the trunk river at any given discharge; (ii)
channel widening by bank erosion of the trunk river will produce the same effect; and (iii) if flow
regulation is significant, the peak discharge of the trunk river will be out of phase with the peak
discharge of the unregulated tributary streams. The third effect has for example been noted in Canada
where tributaries adjust by degrading their beds in the vicinity of the junction to the main channel
(Kellerhals and Gill, 1973).
Degradation of tributaries after river diversions have for example been noted by Pickup (1975) and
Kellerhals et al. (1979). Pickup noted degradation because of tributary base-level lowering, due to
reduced flow in the main rivers, and creation of a knickpoint at some upstream distance from the
confluence of the main river. Schumm’s (1973) flume study on base-level lowering showed
progressive upstream erosion of the tributaries with increased quantities of removed material with
time. This resulted in aggradation in the newly cut channel. However, as the tributaries eventually
became adjusted to the new base-levels, sediment loads decreased and a new phase of channel erosion
in the lower reaches of the tributary occurred. An attempt to analytically calculate degradation, due
to base level lowering, has been presented by Begin et al. (1981). Qualitatively, the tributaries studied
by Germanoski and Ritter (1988) have responded to lowered base level by headward vertical incision
and channel widening. Most obvious were the formation and headward migration of knickpoints.
Other effects were subaerial exposure of tree roots, crossing the channel above the channel bottom,
and presence of terraces of abandoned channel bottoms. The effects were greater near the dam and
diminished downriver. Vertical incision of the tributaries oversteepened the channel banks and
promoted bank slumping, which increased the sediment yield and caused the tributaries to widen
(Germanoski and Ritter, 1988).

4.3.5 Confirmation of channel changes
When evaluating whether channel changes can be attributed to construction of dams, pre- and postdam measurements from a control station upstream from the dam can indicate how the general changes
should have been, in the river system, during the post-dam period. This may give more certain results
than only looking at the downstream parts. Because of small changes in elevation, even though the
amount of eroded material is great, several years of measurement would be needed to get reliable
results, not significantly affected by natural short-term changes. Wolman (1967) estimated that about
10 years of record would be needed to show a degradation rate of 0.08 m/year and 30 years to show
a degradation rate of about 0.01 m/year based on measurements from the Missouri River, USA.
Gregory and Park (1974) plotted and regressed channel capacity against catchment area along the river
Tone, UK, with the Clathworthy Reservoir. Based on extrapolation of upstream-from-dam capacity
values, a distinct discrepancy between measured and predicted downstream-from-dam channelcapacity values clearly showed the influence of the reservoir. From this, the channel capacity below
the dam could be estimated to 54% of original capacity.
Williams and Wolman (1984) described several criteria for confirmation that channel changes, on the
investigated rivers in the USA, are due to dam constructions. (i) Degradation is greatest at or near the
dam, (ii) the relation between water-surface elevation to discharge for a reference low flow indicates
that the channel generally was relatively stable prior to dam construction, (iii) there is a tendency for
the river bed to erode downstream from a dam, whereas the river bed upstream from the dam does not
change, and (iv) extrapolating of degrading channels back into pre-dam years giving streambeds at
unrealistically high elevations.
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Measurements of bed-elevation changes with time are made problematic by a number of errors.
Naturally the measurements are affected by, for example, the locations of the measuring stadia rod and
calculation errors, but also natural changes in the bed configuration with time, for example by passage
of bedforms and redistribution of sediments, must be taken into consideration (Williams and Wolman,
1984). Therefore representative areas should be carefully selected, and when measuring bed-load
transport, a larger area must be measured to ensure measuring points both on dune crests, where the
bottom transport is greatest, and below the crests, where the bottom transport is nearly zero. Another
way of measuring bed levels is using gauge height recordings of water surface levels. Lowering of
gauge heights with time during conditions of equal discharge may show a lowering of the stream bed.
The best results are obtained when the discharge is zero, but since zero discharge is not defined for
many gauging stations, low flow discharges may be used (Williams and Wolman, 1984). However,
gauge height changes may also be attributed to changes in width or slope, requiring great caution when
interpreting results.
When evaluating the effects of dams, care should be taken so not all effects are addressed to dams and
reservoirs. On the Arno River, Italy, for example, severe degradation has occurred due to a
combination of reforestation, bed material mining, and construction of two upstream reservoirs (Billi
and Rinaldi, 1997), and in the Arve River, France, degradation occurred due to a combination of
gravel extraction, weir construction, and embankment (Peiry, 1987).
Other criteria, than elevation and channel capacity, for confirmation of channel changes could be
change in grain size, both at one location as well as along the river, or change in the planform
configuration. Indirectly, changes in eco-systems could also indicate changes due to dam construction.

4.3.6 Ecological implications
4.3.6.1 General
The emphasis of this work has been on the downstream geomorphological effects following dam
construction. However, for river management, the ecological effects are of vital importance and are
receiving more attention for each year to come (e.g. Petts, 1984a, 1987a). Adams (1985) investigated
the effects of dam construction on agriculture and fishing on the River Sokoto, Nigeria, and concluded
that considerations of downstream effects during the planning of a project are vital, and may reveal
that the project is far less economically attractive than first thought. Ligon et al. (1995) believe that
geomorphological change is the key to understanding the long-term ecological consequences of dams
and other stream disturbances. Vegetation has been shown to have an important effect on the stream
flow and transported sediment, but the vegetation is also affected by the flow, so that changes on the
vegetation are expected to occur after a dam construction. Changes in water and sediment of the flow
do not only affect vegetation, but also invertebrates and fish. In the end of this section, some examples
of ecological effects in the most downstream part, i.e. the river-sea interface, have been given.
The geomorphology and biota are best preserved if there is always a discharge released downstream
(Gosse et al., 1997), and if reservoirs are designed to pass sediment to the downstream reach regularly.
However, care must be taken so these flows are not fatal to the downstream ecosystem (Ligon et al.,
1995). Material deposited after dam construction that has stayed in place, due to inability of released
flows to move the material, can be flushed farther downstream by so called flushing flows, to regain
the proper conditions for the biota (Tamai et al., 1997).
Not only geomorphology, but also water transfers between watersheds, which is common in regulated
rivers, will affect river ecology. Differences in water quality, due to differences in geology, may affect
the living species, and species may be conveyed with the transferred water and, therefore, cause
unnatural redistribution (Hellawell, 1988). Studies on downstream ecological effects have been
reported by, for example, Carlsen (1988) in Norwegian rivers, and by Bundi et al. (1990) on Swiss
rivers. Comprehensive reviews of the downstream effects on ecology can be found in, for example,
Petts (1984a) and Walker (1985).
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4.3.6.2 The role of vegetation
After impoundments were established on the Colorado River, USA, Dolan et al. (1974) noted that lack
of occasional high waters had allowed many plants to become more firmly established and to expand
onto the remnant floodplain. They also noticed that, due to larger diurnal variation of discharge, plants
not present before dam construction, rapidly replaced indigenous species. If regulation of high flows
occurs after dam construction, water no longer or seldom is able to inundate high terraces, which then
are usually being modified by rapid growth of riparian vegetation, but also by aeolian reworking
(depending on for example the climate). The vegetation later encourages deposition of fine-grained
material, which in turn offers moisture, nutrients, and a firm substrate for vegetation (Howard and
Dolan, 1981).
Williams and Wolman (1984) stated that low-flow augmentation increases riparian plant growth due
to raising of the water table and increased soil moisture. However, the low flow increase does not
seem to be a requirement since other observations with the same effects have been made from rivers
where low flows have decreased. They also reported that vegetation cover only decreased after dam
closure in one case, downstream from 21 reservoirs on 15 rivers in the USA. Most common was an
increase in vegetation cover, and only a few rivers showed little or no change.
Due to the high sediment trapping efficiency of vegetation, channel width may effectively be reduced
(Petts, 1979), and bed aggradation may be induced, which in the end may lead to longer-lasting
overbank flooding (Williams and Wolman, 1984). The effect of vegetation on channel bank stability
and channel migration is more pronounced on smaller rivers than on larger ones (Ebisemiju, 1994).
To compensate for the reduction of cross-sectional area, due to vegetated side slopes, the river will
erode its bed and increase the slope in the vegetated reach, because of increased roughness (Mertens,
1997).
4.3.6.3 Effects on invertebrates
Gaschignard and Berly (1987) noted that abrupt hydraulic fluctuations may cause catastrophic drift
of normally non-mobile invertebrates. Furthermore, Doeg and Milledge’s (1991) study on
macroinvertebrate communities in the Acheron River, Australia, indicated that a threshold level of
suspended sediment concentration triggered a drift. They noted a sevenfold increase of drift, in total
number of drifting invertebrates, when 15 minute-mean sediment concentrations were increased
sevenfold (from 20 mg/l to 133 mg/l). However, they point out that the reaction may have been due
to the peak concentration (254 mg/l), within the period with the highest mean concentration, and that
some species appear to be more sensitive to suspended sediment than do others.
Other studies on invertebrates have been conducted by, for example; Roux (1984) who pointed out
that entirely aquatic organisms are affected most by a reservoir flushing, but also semi-aquatic
organisms, such as insects, may suffer greatly if the timing of the flushing is bad; Petts and Greenwood
(1985) in a depositional environment below Nant-Y-Moch Dam on the River Rheidol, UK; Doeg and
Koehn (1994) after an upstream weir desiltation, in Armstrong Creek, Australia; and Ammann and
Kast (1996) after a reservoir flushing of the Luzone Reservoir, Switzerland.
4.3.6.4 Effects on fish
Reservoir operations can result in extreme, and unnaturally high, concentrations of mineral particles,
which may produce a major stress effect upon the aquatic ecosystems concerned. For example can the
sudden introduction of large quantities of fine inorganic fractions into the interstices of gravel beds
have a catastrophic effect upon fish populations and benthic invertebrate communities (Carling, 1984;
discussion by Petts in Ackers and Thompson, 1987). If fine sediments in sufficient quantity is present,
they will cause a reduction in porosity and hydrostatic permeability, giving reduced volume of water
and water velocities within the bed. This will lead to lower oxygen supply rates to fish eggs and rate
of removal of metabolic waste, possibly to lethal levels (Carling and McCahon, 1987). Einstein (1968)
pointed out that also young fish living in the same zone need oxygen, which is brought there by the
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water circulating through the bed. Besides this, fishkills due to supersaturation of oxygen and
dissolved gases from the effluent of a power plant, have been reported in the literature (Pettersen and
Mellquist, 1984; Angelaccio et al., 1997). Roux (1984) reported of fishkills during a reservoir flushing
on the River Rhône, France. Increase in suspended matter and NH4 , and depletion of dissolved oxygen
were noted. When suspended matter and NH4-rates reach high levels, some species were killed off,
and during anoxic flow all species of fish died.
Results from River Volga, Russia, have shown that fish reproduction mostly depends on the regime
of artificial flushes. This regime must carefully be adopted for fish necessity (Dolgopolova, 1997).
Reiser et al. (1987) have written a review on studies of flushing flows in order to flush sediment from
spawning areas (where, for example, grain sizes 100 to 150 mm are suitable for salmon spawning,
Ligon et al., 1995). They pointed out, besides the magnitude and duration of the flow to flush the
sediments, the importance of considering the type of fish present in the system and their life history
functions, together with historical runoff periods and flow availability. Cambray (1991) studied the
effects of reservoir releases on fish spawning on the Groot River, South Africa, and pointed out that
the water releases must not only stimulate spawning but also ensure the survival of eggs and young
fish.
4.3.6.5 Effects on the downstream estuary
Ibàñez et al. (1996) noted increase in time of presence of a salt-wedge, in the estuary of the Ebro
River, Spain. This had occurred due to increased water use and evaporation from reservoirs giving
reduced waterflow down to the sea. This could lead to severe problems for the biota. Kaartvedt and
Svendsen (1990) studied the effects on salinity in the Norwegian estuary Hylsfjorden during a
controlled reservoir release. During the release from the reservoir at the head of the fjord, they found
a salinity increase in the surface layer and salinity decrease at a depth of several meters because of
more extensive vertical mixing of water. At the River Nile delta, reduced flow, because of the Aswan
High Dam, has changed the salinity in the water and lead to a reduction of sardines (Sundborg, 1977).
Furthermore, the reduced flow, loaded with polluted agricultural runoff and industrial-municipal
waste, is damaging the biota in the area (Stanley and Warne, 1993). Also delta-growth cessation has
been observed, attributed to reduced sediment supply, and consequently, accelerated erosion along the
delta and Sinai coasts have occurred (Stanley, 1988). Reduced sediment-transport capacity and water
discharge, due to the construction of two dams, on the Skokomish River, USA, have caused the
Skokomish River delta to become steeper, due to deposition in the inner parts and erosion in the outer
parts (Jay and Simenstad, 1996). This has lead to a decreased surface area of optimal low intertidal
habitat, with intrusion of saline water into the delta and radically changed living conditions for the
biota. A case study has been carried out in the Rhine-Meuse Delta downstream of the Haringvliet
Dam, the Netherlands, by Smit et al. (1994). They noted disturbed silt balances, accumulation of
contaminated sediments, disappearance of intertidal areas, increased flat formation in the outer delta,
disappearance of nursery function for fish, disappearance of fish migration, and decreased mixing of
river and sea water.

4.4 CONCLUSIONS
From the review it can be seen that the effects downstream from dams differ greatly depending on
location, environment, substrate, released water and sediment, etc. By using Table 1 and Figure 1,
based on changes in released water flow from the dam and changes in released sediment load relative
to the transport capacity of the flow, a first estimate on what changes that could be expected in the
downstream reaches should be possible to make. The changes, of released water flow and the relation
between released sediment load and the flow’s sediment transport capacity, are then supposed to be
known or to be predicted if the dam has not yet been constructed. Also changes downstream from
newly-built dams should be easy to anticipate if records on water and sediment flows are available
from the pre-dam period. Furthermore has the importance of changed water and sediment flow on the
effects on the biota in the downstream reaches been shown.
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RESERVOIR DESILTATION PART III: A REVIEW ON
DOWNSTREAM ENVIRONMENTAL EFFECTS OF FLUSHING
ABSTRACT
The existing literature on downstream environmental effects during and after reservoir flushing
operations has been systematically examined and evaluated. Attention is given to the characteristic
patterns of water flow and sediment concentration, water-quality parameters, the depositional pattern,
transported and deposited sediment characteristics, and the influence on fish and macroinvertebrates.
Key words: Flow characteristics, hyperconcentration, sedimentation, ecology

5.1 INTRODUCTION
The background for reservoir desiltation, geomorphological effects in the reservoir, and different
models of flushing have been examined in two companion papers, namely, Reservoir Desiltation Part
I and Part II. This paper focuses on downstream effects during and after reservoir flushing operations.
This topic has received much less attention than flushing procedures themselves (Morris and Fan,
1997), however, enough information is now available to show that, for example, the ecological
consequences must receive greater consideration (Petts, 1987). To be able to forecast the effects of
flushings on the biota, knowledge about the physical processes is vital. Therefore, this study will serve
as a gathering of observations made, around the world, for the reader to see the subject’s scientific
status to this date and to inspire to future research.

5.2 GENERAL
Some of the earliest observations on downstream effects of flushings were made by Kanthak (1924,
ref. Brown, 1943) at the Alicante Dam (closed in 1594), Spain. He noticed considerable damage
downstream of the dam caused by a sudden release of water and mud during flushing. Schoklitsch
(1935, ref. Sloff, 1997) was another early observer and besides presenting some examples of flushing,
he pointed at the negative environmental impacts in the downstream reach due to the sudden release
of sediment-laden flows. During the flushing process, extreme quantities of suspended matter are
stirred up and carried in suspension down the river over long stretches. For the most part, these are
again deposited in the next reservoir and nearly always leads to complaints from owners of land below
the dam and from lease holders of fisheries (Schoklitsch, 1935, ref. Brown, 1943).
Due to the deposition of sediment in reservoirs, the downstream river reach often responds with
degradation. If flushing is done, the introduction of sediment into the downstream river reach will
reduce the rate of bed degradation (Breusers et al., 1982). However, it will not have any effect if the
sediment is transported as wash load (Breusers et al., 1982). Parhami (1986) noted that downstream
from the Sefid-Rud Reservoir, Iran, where scouring had occurred after dam closure, flushing had a
positive effect on the river bed. Another example is the Ladzhanuri Reservoir, Georgia, where the
sediments flushed out ultimately arrived on the Black Sea coast and played a favourable role in
stability of the beach (Kereselidze et al., 1986).
The more effective the flushing action is, in terms of removal of deposits, the higher the potential of
hazardous downstream side-effects (Scheuerlein, 1995). The sudden release of large volumes of
sediment may create serious problems downstream, such as, channel aggradation and flooding,
interference with water supply and cooling water intakes, as well as adverse impacts on fisheries and
the environment (Morris, 1995). Furthermore, exceptional sediment concentrations are a threat to
benthos fauna and flora as well as fish populations and their spawn, cause a reduction of water oxygen
content, cause deterioration of riparian biotopes and cultivated lands due to sediment depositions, and
cause reactivation of contaminated deposits (Scheuerlein, 1995). When the reservoir is stratified,
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reducing conditions prevails at the bottom. Resuspension of these reservoir deposits may then lead to
a release of toxic elements, consumption of dissolved oxygen and freeing of NH3 (Petitjean et al.,
1997), all harmful to the downstream biota.

5.3 FLOW CHARACTERISTICS
5.3.1 Water flow and sediment transport
A special study of the water flow after a sudden opening of the bottom outlets was made at the Alto
Mora Dam, Italy, by Braschi and Gallati (1992). At a downstream section, the water level reached its
maximum value in a very short time with the typical characteristics of a shock. This level was constant
for a period of time, and in the upstream reaches in close agreement with the outlet’s complete opening
time. The plateau with high discharge decreased in time with increased distance from the dam (Braschi
and Gallati, 1992). Based on their observations, they also formulated water-stage recession-curve
equations.
Graphs describing the downstream appearance of the released flow can, for example, be found in
Jansson (1992). They show the flow in the Reventazón River, Costa Rica, during flushing of the Cachí
Reservoir. She found that the sediment concentration in the downstream reach was high at the end of
the reservoir’s rapid drawdown phase and in the beginning of the free-flow phase. At a downstream
station in the river, the hydrograph has a wider water-discharge peak, compared with an upstream
station. This pattern has been attributed to longitudinal dispersion of flow and some inflow from
tributaries (AB Hydroconsult, 1995). Brandt et al. (1995) also investigated a reservoir flushing in that
river and found that the water-discharge peak is followed by a suspended-sediment concentration peak
and that the lag time between the two peaks increases downstream. This phase lag can be attributed
to different traveling times of water and sediment, but also by the mudflow phase in the reservoir at
the end of the flushing (Brandt et al., 1995). The drastic increase in suspended-sediment concentration
and load toward the end of the flushing can be explained by the fact that this is the time when the
remaining high-turbid bottom water in the reservoir is released (AB Hydroconsult, 1995). Generally,
the concentration decreases downstream due to dilution from other rivers and deposition (Brandt et
al., 1995).
A comprehensive analysis of downstream impacts of reservoir flushings has been made by Electricité
de France (EDF, 1995, ref. Morris and Fan, 1997). They found that following the release of the bottom
mud, water quality tends to improve throughout the duration of the empty period. Bank slides, small
floods which scour sediment, and rainfall erosion of exposed sediment can temporarily increase
sediment discharge during the empty period (EDF, 1995, ref. Morris and Fan, 1997). They also noted
that sediment that accumulates in front of the gate, typically is transported as wash load through the
downstream channel by the higher-quality water which continues to be released after the initial
scouring.
Due to the existence of the phase lag between water and transported sediment, Brandt and Swenning
(in press) defined three phases of the flushing in the downstream reaches. Phase one is the time before
the flushing-induced sediment-concentration peak arrives. The sediment concentration then is
dependent on water discharge and is limited by sediment supply. Phase two is the period including the
flushing-induced sediment-concentration peak, where the sediment concentration does not depend on
the water discharge, but rather to the point-source input of sediment from the reservoir flushing. Phase
three is the time after the flushing-induced sediment-concentration peak has arrived. The sediment
concentration, again, depends on water discharge, and the phase ends when the sediment supply
pertaining to the reservoir flushing is depleted. They found that phase two, being the time period
comprising the sediment wave of the main flushing, was the most important to the magnitude of the
sedimentation processes causing the largest channel changes, especially in the upstream reaches. Phase
three was found to be the extensive time period of flows reworking the previous deposits (Brandt and
Swenning, in press).
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5.3.2 Studies on sediment concentration
Several studies have been undertaken on suspended-sediment concentration. The following authors
have presented comprehensive results of measurements. See Jansson (1992), AB Hydroconsult (1995),
Brandt et al. (1995), and Brandt and Swenning (in press) for studies in the Reventazón River, Costa
Rica, Buermann et al. (1995) in the Olifants River, South Africa, and Bergstedt and Bergersen (1997)
in the Wind River, USA. These studies show that concentrations up to several hundreds of g L-1 are
common during flushing.

5.3.3 Suspended-sediment characteristics
Amini and Fouladi (1985) found that the material flushed out from the Sefid-Rud Reservoir, Iran, was
finer than the material deposited in the reservoir. AB Hydroconsult (1995) presented grain-size
distributions on suspended sediment during flushing of the Cachí Reservoir, Costa Rica, and found
that coarser particles lagged behind in relation to the finer ones in the downstream movement through
the river channel. This can be regarded as a result of sorting processes under selective transport, but
also to resuspension of material after the main flushing wave. There is also a better sorting of the
suspended material in the flushing wave (AB Hydroconsult, 1995). At some extra flushings
afterwards, first resuspension of material occurred, giving coarse material transported. Later, finer
material was eroded from the reservoir when the water level was lowered (AB Hydroconsult, 1995).
In a recent study in the same reach, Brandt and Swenning (in press) noted that the material from the
flushing could be clearly distinguished from the background material due to the sediment pulse’s grain
sizes.

5.3.4 Turbidity
Closely related to the amount of transported sediment is turbidity. Therefore, some researchers have
used turbidity measurements to get a continuous record of an estimate of concentration. During
flushing of the Niobrara River, USA, downstream from the Spencer Hydro, Hesse and Newcomb
(1982) noted pronounced increases of turbidity. Wu and Hong (1989) noted a tripled turbidity increase
during the flushing peak downstream from the Gezhouba Reservoir on the Yangtze River, China. The
study in the Reventazón River, Costa Rica, clearly illustrated that measuring high concentration with
turbidimeter is difficult (Jansson, 1992). However, peaks can be noted. The study also showed that
the downstream movement of water discharge and turbidity peaks are faster for higher water
discharges when comparing slow evacuation of water from the reservoir and rapid flow phases
(Jansson, 1992). Another observation on turbidity was made by Doeg and Koehn (1994) who reported
that up to 44 days after the sediment release from a small weir on the Armstrong Creek, Australia, the
flow was obviously turbid, suggesting that the effects may last for a long time.

5.3.5 Dissolved oxygen content
Several studies on dissolved oxygen have been made. In the Niobrara River, USA, Hesse and
Newcomb (1982) noted unacceptable low levels of dissolved oxygen during flushing (3.5 mg L-1 ).
However, Gray and Ward (1982) observed that the level of dissolved oxygen remained high in the
North Platte River, USA, during flushing of the Guernsey Reservoir.
Roux (1984) noted depletion of dissolved oxygen during flushing of the Verbois and Génnissiat
reservoirs in Switzerland and France, respectively. A sudden drop to anoxic conditions could be
attributed to an increased amount of organic matter in the flow (Roux, 1984). Buermann et al. (1995)
observed, for the Olifants River, South Africa, a decrease of dissolved oxygen resulting in extreme
hypoxic conditions. Both Buermann et al. (1995) and Scheuerlein et al. (1996), downstream from the
hydropower plant Bad Tölz, Germany, found that the amount dissolved oxygen increased with
downstream distance from the dam.
By using extra water from other reservoirs, introduced just upstream from the dam construction, the
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oxygen levels can be kept higher than without the extra water, as well as the sediment concentration
can stay relatively low, in the downstream reaches (Hälg, 1996). Reduction of oxygen levels
downstream is due to the release of oxygen-depleted hypolimnic water, the oxygen demand exerted
by organic sediment, and increased turbidity which shades primary producers in the river (Morris and
Fan, 1997).

5.3.6 Conductivity
Some early observations on conductivity in connection with flushings were made Gray and Ward
(1982) and Hesse and Newcomb (1982). More recent, in the Olifants River, South Africa, Buermann
et al. (1995) noted a conductivity reduction during the sediment concentration peak of the released
flow and Gutzmer et al. (1996) observed a slight increase in conductivity during flushing in the
Niobrara River, USA. These opposing results indicate that conductivity changes are attributed to the
character of the released flow and sediment, which differ from case to case.

5.3.7 pH
pH measurements by Hesse and Newcomb (1982) showed that pH decreased slightly in the tailwater
region of the Spencer Hydro dam, USA, compared with upstream values. Slight decreases of pH
during flushing have also been noted by Buermann et al. (1995) and Scheuerlein et al. (1996).

5.3.8 Temperature
Measured temperature values in the Olifants River, South Africa, showed little variation during
flushing (Buermann et al., 1995). In the Niobrara River, temperature increased between 3 and 4°C
during flushing (Gutzmer et al., 1996), and downstream from the Ova Spin Reservoir, Switzerland,
temperature was higher during emptying of the reservoir than during free flow through the reservoir
(Hälgh, 1996). Such increases in temperature are probably due to warming of the still water in the
reservoir before it is released.

5.3.9 Other water-quality parameters
Increased levels of soluble reactive phosphorus, from 0.01 to 0.06 mg L-1 , was recorded in the North
Platte River, USA, by Gray and Ward (1982). Ammonia, with levels lethal for fish (up to 12 mg L-1 ),
has for example been measured by Roux (1984) in the Rhône river, France. He also noted an increased
percentage of organic matter in the suspended material, from 5 to 52%, which in turn affected the
amount dissolved oxygen. Wu and Hong (1989) studied heavy metals in the Yangtze River, China,
below the Gezhouba Reservoir, where the amount of lead seemed a little bit higher during flushing.
They also noted increases in both nitrite and nitrate nitrogen. Decrease in light penetration depths
during flushing have been noted in the Olifants River, South Africa, by Buermann et al. (1995) and
in the Niobrara River, USA, by Gutzmer et al. (1996).

5.3.10 Summary
Only a few studies, which essentially are descriptive in character, have been made on the released flow
characteristics during flushing. Due to the phase lag between water and sediment, conventional
sediment-transport approaches will prove invalid, why research should be focused on the special
conditions prevailing during flushing. Continuous records of sediment transport are therefore
important, but unfortunately, taking many samples is costly and turbidimeters often fail to work during
the high-concentrated flows.
Besides transported sediment, the water quality of the released water will have a great impact on the
downstream biota. To date, only dissolved oxygen and ammonia have received any particular
attention, but other parameters are probably important, wherefore there still is much research ahead
to do. Since many substances adhere to the transported mineral particles, much can undoubtedly be
gained if biologists work in cooperation with, for example, fluvial geomorphologists.
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5.4 EROSION AND SEDIMENTATION
5.4.1 Sediment erosion
McManus (1985) pointed out that a sudden high gravity discharge can cause undermining of the dam
as result of additional scour at the toe of the dam. Farther downstream, as in the Reventazón River,
Costa Rica, the first part of the flushing wave erodes and resuspends older deposits in the river (AB
Hydroconsult, 1995; Brandt et al., 1995). This can be attributed to the flow’s capacity of transporting
sediment not being fully used, due to the lag time between the transported water and sediment in the
downstream reaches (Brandt and Swenning, in press).

5.4.2 Sediment deposition
Breusers et al. (1982) noted that aggradation during flushing in the downstream reaches may occur
due to changed river regime conditions. However, all flushed-out material may remain in suspension,
as in the North Platte River, USA, where no deposition and no changes in bed-material grain size
occurred (Gray and Ward, 1982). The flushed-out material will not be deposited on the floodplain if
not bankfull discharge is exceeded. Furthermore, finer sediment will give lower resistance to flow and
lower water levels (Breusers et al., 1982).
Chien (1985) noted that surplus material, exceeding the carrying capacity of the flow, will deposit in
the main channel, particularly in the upper part of the reach. This gives raising of the bed and reduced
difference in elevation between bed and floodplain (Chien, 1985). Schälchli (1987) noted that
aggradation occurs where the slope is lower than in the rapidly eroding part of the reservoir. An
attempt to calculate the downstream effects analytically was made by Yang et al. (1990) who
presented a sediment transport model, especially constructed for calculation of the bed-profile
development after flushing. Sloff (1991) pointed out that a temporary local aggradation can occur just
downstream of the dam, caused by the sudden release of sediment laden flow, giving risk to the
downstream channel being blocked and by that cause flooding (Sloff, 1991).
During a rapid evacuation period in the Cachí Reservoir, Costa Rica, low-lying areas were flooded,
considerable amounts of sediment were deposited in the reaches between the dam and the ocean, and
some sediments were transported to the ocean (Sundborg, 1992). If the reservoir is located close to
the river mouth, aggradation may cause problems in the estuary (Yoon, 1992). After desiltation of a
small weir on the Armstrong Creek, Australia, Doeg and Koehn (1994) noted that immediately below
the weir, the bed of the creek was completely covered by a thin layer of sand, and along the edge of
the creek, small deposits were found. Below 0.25 km, heavy deposits of sand (<80 cm deep) were
present along the sides and on the bed of the creek channel. In the main channel, sand completely
filled scour holes and partially filled pools. Farther downstream, at circa 1.5 km, substantial deposits
of fine silt had been deposited (Doeg and Koehn, 1994).
Brandt et al. (1995) noted that it is the second part of the flushing wave that deposit material from the
flushing. They found decreasing amounts with increasing distance from the Cachí Dam, Costa Rica,
and attributed this reduction mainly to the existence of a phase lag between transported water and
sediment. The deposited material was found along both channel sides, in straight reaches, and
especially at the inner side of curves. Nevertheless, the major part of the deposited sediment could be
found on the river bed (Brandt et al., 1995).
Boillat et al. (1996) reported from physical model tests simulating the flushing of the Gebidem
Reservoir, Switzerland. They studied the downstream artificial channel which is used to route the
released flow down to the River Rhône. The model tests showed that the ratio of sediment
concentration to water discharge increases with increased width of the channel. At widths over 10 m
the ratio became constant. How far the sediment will be transported depends mainly on the water
discharge. When sediment is flushed out of reservoirs at low flows, it will be redeposited close to the

99

Reservoir desiltation by means of hydraulic flushing

dam and when it is introduced at higher flows, usually it will be carried downstream and dispersed
(Kattelmann, 1997).
Experience from China shows that released flows during flushing can have great influence on channel
morphology. Qi (1997) reported that water and sediment are retained in the Xiaolangdi Reservoir, on
the Yellow River, China, in normal and low-flow years, while in years with abundance of water, the
sediments are flushed out in short periods of drawdown to form hyperconcentrated floods. These flows
remould a wide-shallow channel into a narrow-deep channel. The reformation will increase sedimenttransport capacity of the channel, and make conveyance of the hyperconcentrated floods possible, all
the way through the channel to the sea (Qi, 1997). The deposition or erosion is closely associated with
flow discharge and has no obvious relationship with sediment concentration (Qi, 1997). The portions
of river-bed and river-bank deposits have been studied by Brandt and Swenning (in press) in the
Reventazón River, Costa Rica. They found that the relative amount of river-bank deposits decreases
in the downstream direction, mainly due to the existence of the phase lag between the water and
sediment.

5.4.3 Shifting of sediment deposits
Quite often, high flows shift deposits from upper parts to lower parts (Chien, 1985). The reerosion and
transportation during subsequent high waters, increases the sediment concentration and load also after
the proper flushing operations (Sundborg, 1992). In the Armstrong Creek, Australia, some scouring
and redistribution of sand deposits near the weir was noted after two months. After a large flood, all
sediment had been washed out of the system and heavy deposition was noted at the junction with the
downstream Yarra River (Doeg and Koehn, 1994). Similarly, in the Reventazón River, Costa Rica,
heavy rainfalls soon flushed most of the deposited material farther downstream (Brandt et al., 1995).
These experiences show that a large clear water release, following the release of muddy water during
flushing, may be used to scour and flush the deposited material downstream.

5.4.4 Sediment characteristics
The flushed out material that deposits directly in front of the dam typically is high in organics and low
in dissolved solids (Gutzmer, 1993, ref. Hotchkiss and Huang 1996). Brandt et al. (1995) studied the
percentage of organic material in deposits along the Reventazón River downstream from the Cachí
Reservoir, Costa Rica. They found that the percentage mainly was attributed to the grain sizes of the
deposits, i.e. higher organic content for finer grain sizes. The same pattern was found for electrical
conductivity. The deposited material was found to have a mean dry-bulk density of 1.2 g cm-3 , and
grain sizes decreased with increasing distance from the dam (Brandt et al., 1995). The grain size of
the deposited material was found to be finer than the bed material present before the flushing (Brandt
and Swenning, in press).

5.4.5 Summary
The flow released during flushing has been found to first erode the channel-bed and bank deposits and
later deposit material originated from the reservoir. Heavy deposits have been found close to the dam
sites, but if slopes are steep or water discharge is high, much of the material may be transported and
deposited farther downstream in the river or at the sea. The deposits in the upper reaches will be
shifted by later high flows to the downstream reaches.
The deposited material has only to a limited extent been studied according to possible effects on the
biota. However, the deposits will have an impact on for example spawning fish, wherefore further
investigations should be carried out.
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5.5 ECOLOGICAL IMPLICATIONS
Scouring of polluted sediments from the reservoir threatens the downstream water quality and ecology
(Sloff, 1991), as well as the high sediment concentration released which may have a great impact on
the downstream biota (Morris and Fan, 1997). The impacts of sediment release on the stream
ecosystem may extend well beyond the flushing period itself. Benthos may become smothered by
sediment and as a result, macroinvertebrates may be even more acutely affected than fish, disrupting
the aquatic food chain (Morris and Fan, 1997).

5.5.1 Fish
The great quantities of suspended matter released during flushing may clog up the gills of fish, which
often die in great number (Brown, 1943). In the Niobrara River, USA, Hesse and Newcomb (1982)
noted, besides a large number of killed fish, that mostly young fish were affected by the flushing.
Roux (1984) studied the physico-chemical effects of a reservoir flushing on fish in the Rhône River
downstream from the Verbois Reservoir, Switzerland, and the Geinissiat Reservoir, France. When
suspended matter and NH4-rates reached high levels, some species were killed off, and during anoxic
flow all species of fish died.
During flushing of the Cherry Creek Reservoir, USA, large fish kills occurred because fish had
congregated at the intake structure and been flushed out after the gates were opened (Buchholz and
Knofczynski, 1988). In the River Isere, downstream from the Saint Hilaire Reservoir, France, Garric
et al. (1990) concluded that Brown Trout was most affected by a synergistic effect of a combination
of high sediment concentration and hypoxic flow. Other factors, such as ammonia, had less impact on
the fish population (Garric et al., 1990). Doeg and Koehn (1994) investigated downstream effects of
desilting of a small weir on the Armstrong Creek, Australia. The blackfish population, 250 m
downstream from the weir, decreased with 93% immediately after the release. Farther downstream the
reductions were 81% at 2.2 km and 59% at 2.7 km. Smaller and juvenile fish experienced greater
decreases. Besides fish kills, due to high sediment concentrations of more than 1.5 g L-1 and low
oxygen concentrations of less than 0.1 mg L-1 , Buermann et al. (1995) noted that fish used tributaries
to escape from the released silt in the Olifants River, South Africa. Although adult fish can resist a
reasonable increase of turbidity, for a limited period of time, their eggs in the spawning places along
the river seem to be particularly vulnerable to the infiltration of fines in the river bed (Di Silvio, 1996).
Hälg (1996) noted that some fish died during the flushing of the Margaritze Reservoir, Switzerland,
but no more than during normal high waters. Gutzmer et al. (1996) reported that the operational
modifications at the Spencer Hydropower Dam, USA, of raising the gate slowly and dropping the
hydro pond at a reduced rate, have been successful in avoiding fish kills. Their study showed that a
similar number of species was sampled above the dam as compared with the number sampled below
the dam. Bergstedt and Bergersen (1997) made a thorough study on fish movement during flushing
of a low-head diversion dam on the Wind River, USA. They presented data, based on necropsies, on
vital functions of fish for comparisons between fish from upstream from the dam and downstream
from the dam. They found that fish were less healthy and moved more below the dam than above the
dam.
Morris and Fan (1997) stated that nearly all the fish in a reservoir will be flushed downstream or killed
during emptying. They also pointed out that repeated releases of turbid water without flows adequate
to mobilize and flush gravels will lead to the clogging of spawning gravels and water supply
infiltration galleries.

5.5.2 Macroinvertebrates
Studies on macroinvertebrates during flushing have, for example, been made by Hesse and Newcomb
(1982) in the Niobrara River and by Gray and Ward (1982) during a sediment release from the
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Guernsey Reservoir on the North Platte River, USA. Generally, the numbers of macroinvertebrates
decreased, but Gray and Ward (1982) noted that some species actually increased in numbers during
flushing.
Roux (1984) pointed out that entirely aquatic organisms are affected most by a reservoir flushing, but
also semi-aquatic organisms, such as insects, may suffer greatly if the timing of the flushing is bad.
In the Armstrong Creek, Australia, Doeg and Koehn (1994) noted that the total number of taxa of
macroinvertebrates was reduced by 19.4% (from 72 to 58) within one day of the release. There were
also significant decreases in both the number of individuals per sample and the number of taxa per
sample. After this initial reduction, in 45 days the community appeared to recover in both diversity
and density to near pre-release conditions (Doeg and Koehn, 1994).
Amman and Kast (1996) pointed out that the invertebrates are important for the water’s ability of self
purification. They stated that sediment in suspension is dangerous for all fish’s gills and probably also
for macroinvertebrates. Deposited sediment on the river bed will fill the pores in underlying material
and prevent the macroinvertebrates to migrate or live there (Amman and Kast, 1996). From their study
at the Luzone Reservoir, Switzerland, they noted that lowered water discharges, compared with
natural, are harmful to macroinvertebrates, but that high water discharge periods have a positive effect.

5.5.3 Summary
As seen above, several studies on fish and macroinvertebrates have been made during flushing.
Generally, the biota suffers from the released suspended sediment, the deposited fine-grained
sediment, the low dissolved oxygen levels, and high ammonia levels. However, the observations are
spread over the world so the effects differ accordingly to the species present in each river system.
Much more research has to be undertaken to get generally applicable guidelines, if the reservoirs and
downstream rives are supposed to be managed ecologically sustainable, something that appears to have
been made only in a few cases.

5.6 MEASURES AIMED AT LIMITING NEGATIVE EFFECTS
Hesse and Newcombe (1982) suggested that to minimize the impact of flushing, it should be avoided
during spawning, it should follow an annual flushing schedule to maximize insect recolonization
efforts, and the reservoir should be refilled over a period of time such that dewatering downstream
does not reduce flows below 60% of the historical mean monthly flows. This will avoid stranding of
fish eggs and larvae and reduce the loss of macroinvertebrate populations (Hesse and Newcombe,
1982). The threat to people on the dry river bed close to the dam, when reservoir emptying begins,
must also be taken into consideration. Warning flushes should, therefore, always be used (Bouvard,
1992).
Buermann et al. (1995) stated that the management strategy of flushing to improve storage capacity
is ecologically unacceptable. Scheuerlein (1995) suggested that sediment concentration due to flushing
actions should not exceed the upper limit measured already at historical natural-flood events, and as
soon as the concentration exceeds this limit the flushing discharge should be reduced. High rates of
sediment release tend to reduce the duration of short-termed impacts, but increase their magnitude
(Randle and Lyons, 1995). For fish, even slow rates of sediment release may be lethal or cause fish
not to enter the river. Thus, high-magnitude, short-duration impacts may be preferable (Randle and
Lyons, 1995).
In steep mountain streams, river channels typically are sediment-supply limited. Such systems have
a high transport potential and the flushing will not adversely affect, for example, the riffles which are
sensitive to the aquatic habitat (Tu et al., 1995). Amman and Kast (1996) suggested that the flushing
wave should be hidden in a natural high water flow to lessen the effects, and Hotchkiss and Huang
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(1996) suggested that alternative techniques, such as hydrosuction sediment removal systems should
be used to decrease the concentration of the released flows.
As a conclusion it can be said that several opportunities to decrease the negative downstream effects
of flushing exist, and still more ideas will be presented in the future. Important, however, is that
appropriate measures are included in the management or design of the reservoirs and dams as soon
as possible, to reduce the risks of species extinction or costly measures to restore the rivers to prereservoir conditions.
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PREDICTION OF DOWNSTREAM GEOMORPHOLOGICAL
CHANGES AFTER DAM CONSTRUCTION:
A STREAM POWER APPROACH
ABSTRACT
A literature survey on methods, demanding a small amount of work effort and few input data, of
computing stable channel geometry has been made and is presented. The methods include the use of
empirical regime equations and the use of an extremal hypothesis in conjunction with a sedimenttransport and a flow-friction theory. These methods may prove efficient when predicting changes, such
as after dam and reservoir construction, on an alluvial river. Calculations using the different methods
have been exemplified on a natural river.

6.1 INTRODUCTION
Dam and reservoir construction on a river will affect the flow dramatically and may lead to changes
of the river in the downstream reaches. The increased amount of constructed and planned dams and
reservoirs during the last decades, especially in regions with high soil-erosion risks and high sedimenttransport rates, necessitates methods for estimating resulting channel morphology after the impact of
dam construction. A quantitative prediction of river response to upstream change of flow can
theoretically be made if all required data are known. This, however, is very seldom the case for natural
rivers. Since the purpose, and therefore the resulting effects, of different dams and reservoirs varies
greatly, no general answers on changes can be given (see Chapter 4), and most often only qualitative
estimates and rough quantitative estimates are possible.
The intention here is to present different kinds of methods, gathered from a literature survey, that are
easy to apply and are expected to give reliable results on resulting river-channel morphology. In this
text, the inputs of water and sediment from the dam to the downstream river are supposed to be known
and from the input values, a stable river channel is predicted. First, examples are given on how width,
depth, and slope can be predicted and after that are the resulting bedforms and planform appearances
described.
Earlier examples of approaches found in the literature are, for example, described by Pickup (1980)
who used the model HEC-6 to model impact of a major tropical dam project in Papua New Guinea,
Tung (1985) who used a logistic analysis to relate the probability of channel-bed scouring to depth
and velocity of flow, Downs (1994) who did the same to see the probability of deposition, migration,
and enlarging of channels, Carriaga & Mays (1992) who described a model for determining optimal
reservoir releases to control downstream sedimentation, and Richards & Lane (1997) who described
an approach to predict morphological changes in unstable channels.

6.2 APPROACH TO DETERMINE CHANGES
The first step in predicting geomorphological changes in the downstream reaches would be to measure
or estimate the inputs of water and sediment, including grain-size distribution, to the downstream
reach. This is determined by the inflow to the reservoir, the dam construction, the size and shape of
the reservoir, and the dam-operation policies. Estimations of reservoir trap efficiency, giving amount
sediment routed through the reservoir to the downstream reach, have traditionally often been made by
using Brune’s (1953) trap-efficiency formula, but other approaches using other formulas have also
been tried (see for example Chen, 1975; Annandale, 1987; Sundborg, 1992).
To predict downstream changes after dam construction, both empirical and analytical methods are
available. A first indication of in which direction changes may occur can easily be obtained from
regime relations by relating the changes of inputs of water discharge and sediment load. Even if
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predictions are to be made with sophisticated mathematical models, these relations are simple to apply
and provide valuable tools for predicting the final qualitative results. Based on data from flume
experiments and natural rivers, the regime relations have been assigned empiric coefficient values to
get quantitative predictions of channel morphology. Since the equations based on field studies often
depend on, for example, the climate, approaching the problem involving physics will be necessary to
improve the predictions and making them more general. Some form of an extremal hypothesis is often
used for the prediction of channel width, depth, and slope. An extremal hypothesis implies
minimization or maximization of one parameter used for describing the flow. Usually the hypothesis
makes up one part of a set of equations, where determination of flow resistance makes up the second
part and sediment-transport capacity the third part.
Independently of the method used, the predictions will be complicated if the reservoir is subjected to
sluicings or flushings. These events will act as point-source injections of large amounts of sediment
available for downstream transport. Only a few studies on these events exist, but usually a new
bedlayer of sediment is deposited with characteristics different from those of the conditions before the
flushing (see, for example, Chien, 1985; Brandt et al., 1995; Brandt & Swenning, in press). The new
deposited sediment will later be transported by the between-flushing water flows from the dam,
markedly different from those that deposited the material.
Determination of incipient movement and deposition for different particle sizes show if the flow is
capable of eroding and transporting the channel-bed material. To see if the reach will respond with
degradation or aggradation, i.e. change of bed level, a sediment-transport equation is a valuable tool.
If the flow’s transport capacity is less than the imposed load, material will deposit, raising the bed
level, and slope will steepen to get a reach that is capable of transporting the sediment delivered to it.
If the transport capacity is higher than the imposed load and if stream power or shear stress is above
critical values for incipient movement of the sediment, the channel will erode, lowering the bed level,
and the slope will decrease. This change in bed level will result in a secondary change of stream
power, reducing or reverting the direction from that of the primary change from the dam. Connected
with the change of stream power are for example changes in the planform pattern and bedforms.
Because of changes with time of stream power and transporting capacity, the calculation procedure
has to be performed with new runs taking account for the time. Over time, relatively stable conditions
at quasi equilibrium will be approached.
Also affected from the change of bed level is a secondary change of tributary sediment input. These
sediments will or will not be transported by the flow depending on the transporting capability and
capacity of the flow. If the main river is degrading, the tributaries will adjust their base levels and
increase the sediment load delivered to the main stream. This increase in sediment may also lead to
a change in grain-size distribution in the river. Therefore, a prediction of the effects has to be done in
steps between every point of a major change to the main stream.
A new scheme which can be used for calculation of changes after dam construction has been outlined
in Figure 1. It can be summarized as follows: The inputs of water and sediment to the downstream
reach as well as the reach’s initial state are supposed to be known. The first step is to find out whether
the stream’s sediment-transport capacity, which can be calculated using a sediment-transport capacity
equation, will be larger or smaller than the imposed load. If the stream’s capacity is larger than the
load, a mid-step is included to decide if the reach is stable under the new conditions or if it will
change, i.e. are water velocities or shear stresses smaller or larger than critical values for bed material
movement? If changes are likely to occur, the channel must, to regain its quasi-equilibrium, reduce
the sediment-transporting capacity. To get a reduction in transport capacity, by reducing mean stream
power, ω, or unit stream power, φ, the slope must decrease, the channel must widen by eroding
sediment, and/or the bed must coarsen by selective removal of sediment. A reverse trend is then
apparent and a series of secondary effects will occur. The flow’s carrying capability, i.e. the largest
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possible grain size that the flow is capable to move, will reduce, making entrainment of grains more
difficult. Also the flow capacity will reduce so that a lesser amount of sediment will be transported.
The new flow regime will probably also change bedforms, sinuosity, and width to depth ratio. A new
transport capacity value is obtained, based on the new adjusted stream-power values, which again can
be compared with the load. In nature this is a continuous process with infinitely small time steps.

Figure 1. Channel adjustments after an input change of flow, due to dam construction. D is bed-material grain size,
Di is grain size of sediment released to downstream reach, d is water depth, F is width to depth ratio, h is channel bed
level, K is sediment-transport capacity of flow, L is transported load in the downstream river, L i is sediment load
released to downstream reach, n is Manning’s roughness coefficient, P is sinuosity, uc is critical flow velocity for
sediment entrainment, w is channel width, δc is flow competence, i.e. the maximum particle size transportable, and
°, -, + and ± denotes directions of change.

In this work the terminology of Rhoads (1987) is used to differentiate between the various forms of
stream-power expressions. Cross-sectional stream power, Ω, i.e. power per unit length of river, is
defined as,
(1)
Ω ! ρgQS
[W m "1 ! kg m s "3]
-2
where g is acceleration of gravity [m s ], Q is water discharge [m3 s-1 ], S is slope [m m-1 ], and ρ is
density of flow [kg m-3]. Mean stream power, ω, i.e. power per unit wetted area, is defined as,
(2)
ω ! ρgruS
[W m "2 ! kg s "3]
where r is hydraulic radius [m] (r is equal to the cross-sectional area of the flow divided by the wetted
perimeter and is often approximated with the depth of flow) and u is flow velocity [m s-1 ]. Finally, unit
stream power, φ, i.e. power per unit weight of water, is defined as,
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φ ! uS

[W N "1 ! m s "1]

(3)

The paper will describe, with an increased level of complexity, methods of predicting different rivercharacteristics parameters. Empirical formulas are treated first and after that are treated methods
including physical processes.

6.3 REGIME RELATIONS
6.3.1 Qualitative relations
A first prediction of qualitative changes can be made using regime relations. They describe that when
changes occur in one parameter, changes in one or more of the others are expected to occur in order
to regain equilibrium. Lane’s (1955) relationship is formulated as,
LD ! QS
(4)
and shows that, for example, if sediment load decreases and water discharge does not change, the river
bed must become coarser or the slope must decrease. If both water and sediment discharge, changes,
the interpretation of supposed changes will get more complicated as can be seen from Schumm’s
(1969) combinations,
Q #L # ! w #, d ±, λ#, S ±, P ", F #
(5)
±
±
" "
"
"
#
"
Q L ! w , d , λ , S , P , F
(6)
±
±
# "
#
"
#
"
Q L ! w , d , λ, S , P , F
(7)
±
±
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"
#
"
#
Q L ! w , d , λ, S , P , F
(8)
where λ is the meander wavelength. However, Xu (1996) pointed out that Schumm’s qualitative model
is not valid for change of boundary material, such as coarsening of bed-material after upstream
reservoir construction.

6.3.2 Empirical quantitative relations
Empirical equations provide fast quantitative results of changes and reviews of empiric equations can,
for example, be found in Simons & Albertson (1960), Bray (1982), and Williams (1984). One problem
involved when constructing these equations is which water-discharge value that is to be used. Since
water discharge varies in natural rivers, holding in mind what kind of result is wanted and what kinds
of parameters are used, is important. Bankfull flow is often presumed to be the dominant factor for
channel forming while mean discharge may be a better parameter to describe predominating bedform
regimes. Carling (1988) stated that bankfull discharge, is commonly regarded as an “effective” or
“dominant” discharge in maintaining channel form, as at this stage, resistance to flow is usually at
minimum and bedload transport rate at maximum. Knighton (1998) argued that since it seems
reasonable to suppose that river channels are adjusted on average to a flow which just fills the
available cross-section, dominant discharge has been equated with bankfull flow, thereby giving it
additional morphogenetic significance. The concept of bank-full discharge has been thoroughly
discussed by Williams (1978). He concluded that the best way to get the bankfull discharge at gaged
sites was to read the floodplain elevation at the gage and, from that, the corresponding water discharge
from the station’s rating curve. In ungaged reaches, he suggested that the Manning equation should
be used (see Equation 48). The floodplain elevation can be computed by taking the average elevation
for many stations along a reach (Williams, 1978). Some authors have replaced this discharge with a
dominant discharge, which is the discharge that will give the same effects as the whole range of
discharges occurring, in a natural river.
Because most earlier empirical equations only are based on rivers in similar environments, a new set
of empirical equations for width, depth, and width to depth ratio was constructed based on water
discharge data from several authors and environments (Figures 2 to 4). The resulting equations should
therefore give a rough estimate on resulting cross-sectional form independent on environment. The
data gathered were derived from canals, sand and gravel-bed rivers from Canada, New Zealand, UK,
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Figure 2. Channel surface width, w [m], plotted against bankfull flow, Qb [m3 s-1].

Figure 3. Mean water depth, d [m], plotted against bankfull water discharge, Qb [m3 s-1].

Figure 4. Width to depth ratio, w/d [m m-1], plotted against bankfull water discharge, Qb [m3 s-1 ].
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and USA, and also some flume experiments (from Guy et al., 1966, with grain sizes of 0.19 and 93
mm and fixed width of 2.4 m, and five samples from Kellerhals, 1967).
In the regression analyses for this paper, several types of water discharges have been used. This is
clearly a shortcoming. However, it has been made due to the scarcity of references where results are
presented, due to the data points not appearing to plot in marked groups, and that the authors of these
papers have related the discharges to cross-sectional channel form, implying that these discharges are
considered dominant or channel forming. The data used in the regressions contain bankfull discharge
(Schumm, 1968; Williams, 1978; Carson, 1984; Hey & Thorne, 1986), mean annual flood (Schumm,
1960; Carson, 1984), two-year flood (Bray, 1979), dominant discharge (Kellerhals, 1967), maximum
sustained discharge of the channel (Simons & Albertson, 1960), and constant discharge in a flume
(Guy et al. 1966). In the diagrams all are denoted as bankfull flows, Qb (Figures 2 to 4).
Since the regressions were made on logged10 values, the regressions are corrected for the introduced
2
bias, that enters when detransforming the obtained regression-values, by the factor 101.15σ (σ2 is
standard error squared) as, for example, described by Jansson (1985) (regression statistics can be
found in Table 2 in the end of the paper). From the regressions the following equations were obtained
for width, depth, and width to depth ratio,
0.52
w ! 4.17 Qb
(9)
0.33

d ! 0.36 Qb

(10)

w
0.27
! 10.1 Qb
(11)
d
Note that Equation 11 is not equal to Equation 9 divided by Equation 10 since the number of
observations differs in the regressions (Table 2).

To increase the accuracy of empirical equations, Parker (1979) introduced a dimensionless approach
to predict depth and width. It appears that this dimensionless approach can give better results than the
pure empirical one that is not dimensionally correct. He defined dimensionless discharge, Q*, as
Qb
(12)
Q $!
2
(s"1)gD50D50
where D50 is median grain size of bed material [m], s is relative weight of sediment (=ρs g/(ρg)), and
ρs is density of sediment [kg m-3]. Dimensionless width, w*, was defined as,
w $!

and dimensionless depth, d*, as,
d $!

w
D50
dm
D50

(13)

(14)

where dm is mean channel depth [m]. Because the stream power concept was chosen for this paper,
the dimensionless water discharge can be substituted by a dimensionless cross-sectional stream power,
Ω*, defined as,
Ω
Ω$ !
(15)
2.5
ρs g 1.5D50 S
The equations obtained from the regressions were,
w $ ! 12.34 Q $0.395

(16)

(17)
d $ ! 0.355 Q $0.424
which can be seen in Figures 5 and 6. The regressions are corrected for introduced bias when
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detransforming logged10 values and the regression statistics can be found in Table 2 in the end of the
paper.

Figure 5. Dimensionless width, w*, plotted against dimensionless cross-sectional stream power, Ω*, and
dimensionless water discharge, Q*.

Figure 6. Dimensionless depth, d*, plotted against dimensionless cross-sectional stream power, Ω*, and
dimensionless water discharge, Q*.

6.4 EXTREMAL HYPOTHESES
To get further, we must consider the transported load. By using an extremal hypothesis, channel forms
can be calculated in an additional way (see, e.g. Yang, 1976; Chang 1979b). Comparisons between
different types of extremal hypotheses can be found in for example Davies & Sutherland (1983) and
Yang (1987). Among the different types of minimization theories, Bettess & White (1987) showed
that minimum cross-sectional stream power is the same as maximum sediment transport rate and
approximately the same as minimum energy dissipation rate. Here, the minimization of cross-sectional
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stream power is used to illustrate the use of an extremal hypothesis. No example was found in the
literature where this theory has been applied to a downstream river reach after dam construction.
However, an attempt to apply extremal hypotheses has for example been done by Simon & Thorne
(1996). They investigated the Toutle River, USA, which had aggraded after the eruption of Mount St.
Helens. They noted that the extremal hypothesis approach did not describe the morphology well
because the system had not returned to a dynamic equilibrium after the eruption. Nevertheless, the
results showed that the river system appeared to be approaching equilibrium, but it seemed that the
final stage of channel evolution will not be complete until a definable floodplain has formed (Simon
& Thorne, 1996). This study shows similarities with effects occurring after dam construction and also
that the effects may take time to reach relatively stable conditions. Of the extremal hypotheses found
in the literature, short descriptions of all, but minimization of cross-sectional stream power, are listed
below.
Yang & Molinas (1988) described the theory of minimum rate of energy dissipation as, if a river
system is not at its equilibrium condition, its total rate of energy dissipation is not at its minimum
value. However, the system will adjust itself so its rate of energy dissipation can be reduced to a
minimum value. The total energy dissipation rate, Φ [J s-1 ], is (Yang et al. 1981),
(18)
Φ ! (Qγ#Qsγs)lS
in which l is reach length [m], Qs is sediment discharge [m3 s-1], and γ, γs are specific weights of water
and sediment respectively [kg m-2 s-2].
Yang & Song (1979) expressed the theory of minimum unit stream power as; for subcritical flow in
an alluvial channel, the channel will adjust its velocity, slope, roughness, and geometry so that a
minimum amount of unit stream power is used to transport a given sediment and water discharge (see
Equation 3). Yang (1976) discussed the applicability of minimum unit stream power and found that
at high concentrations in the upper flow regime no minimum unit stream power is found.
Davies & Sutherland (1983) proposed maximization of the Darcy-Weisbach friction factor, f,
8gw 2d 3S 8gdS
!
f!
(19)
Q2
u2
as an extremal hypothesis. However, both Griffiths’ (1984) and Bettess and White’s (1987) analyses
showed that no maximum of the friction factor occurred when channel width, depth, and slope were
dependent variables. Minimization of Froude number, Fr,
u
Fr !
(20)
gd
has also been employed in calculations for river equilibrium conditions. Besides showing a
minimization of Froude number, Jia (1990) also related this minimum to unit stream power,
Frmin! 4.49Ð "0.186φ0.377
(21)
where Ð is grain size [mm] and Frmin is minimum Froude number.

6.5 CALCULATION PROCEDURE USING THE MINIMIZATION OF CROSSSECTIONAL STREAM-POWER CONCEPT
Of the different extremal theories, minimization of cross-sectional stream power has been chosen to
illustrate the computational procedure. Chang (1979b) described the theory of minimum crosssectional stream power as; an alluvial channel with water discharge and sediment load as the
independent variables, tends to establish its width, depth, and slope such that cross-sectional stream
power is a minimum (see Equation 1). Since water discharge is a given parameter, minimum crosssectional stream power also means minimum channel slope (Chang, 1979b).
Chang (1979a, 1979b) described the computational procedure, using the minimum cross-sectional
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stream power theory, to obtain values of stable channel geometry (Fig. 7). Following the scheme by
Chang (1979b), a step for step computational procedure is outlined in this section as given by Chang
(1988), where water discharge and sediment discharge are supposed to be known, since they are
governed by the dam releases. Chang’s (1988) scheme has been used due to its straightforward and
relatively easy implementation in computer programming.

Figure 7. Flow diagrams from Chang (1979a, 1979b) showing major steps of computation using the extremal
hypothesis concept. z denotes the slope of the channel banks and ν is the kinematic viscosity of flow [m2 s-1]. In
Chang (1979a), water discharge and slope are given constraints and in Chang (1979b), water discharge and sediment
discharge are given constraints.

6.5.1 Description of the channel’s cross section
If the river is stable, bed-load transport is mainly limited to the channel bottom, and not to the bank
slopes, therefore making an adjustment advisable to determine the width (Chang, 1988). The channelbottom width can be calculated after determining the bank slope, which can be denoted as z horizontal
distance to 1 vertical distance at the channel banks. Chang (1988) gave z the value of 1.5, but it can
also be estimated from (Smith, 1974),
(22)
z ! 0.5
Q < 1 m 3 s "1
(23)
z ! 0.5Q 0.25
Q > 1 m 3 s "1
From this assumption the parameters describing the channel’s cross-sectional profile can be calculated
115

Reservoir desiltation by means of hydraulic flushing

from,
b ! w"2zd c

(24)

A ! wd c"zd c

(25)

where b is bottom width of the channel [m] and dc is central depth of the channel [m]. In this example,
the depth in the various equations has been replaced by the hydraulic radius. This is in accordance
with Bettess & White (1987) who pointed out that “the apparently minor adjustment of replacing the
hydraulic radius by depth in the equations had a major impact upon the results as it radically affects
the dependence of the equations on the width of the channel”. The hydraulic radius can be calculated
from,
A
(26)
r!
p
2
(27)
p ! b#2 z 2#d
c

where p is the wetted perimeter [m].

6.5.2 Calculation of slope from sediment transport equation
After having calculated the cross-sectional form of the river, the slope can be calculated from a
sediment transport equation. In the example outlined by Chang (1988), the DuBoys formula was used
for describing bed-load transport,
Qbl ! qblb ! C d τ0 (τ0"τc) b
(28)
where Cd is the characteristic sediment coefficient [m6 N-2 s-1 ], Qbl is sediment discharge [m3 s-1 ], qbl
is unit sediment discharge [m2 s-1], τc is critical shear stress [N m-2], and τ0 is boundary shear stress
(=γrS) [N m-2]. Cd can be determined from,
0.17
Cd ! 4.0525!10 "5
(29)
3/4
Ð50
and τc from,

τc ! (0.061#0.093Ð50) g

(30)

This can be rearranged into a quadratic equation for slope,
γrτc# (γrτc) #4γ r
2

S!

1

2 2

Qbl Ð503/4

4.0525!10"5 0.17b

(31)
2γ2r 2
In rivers at equilibrium conditions, the rivers transporting capacity of sediment during channel-forming
flows closely agree with the geomorphology of the river. Yang (1973) described this by stating that
at equilibrium conditions, total sediment concentration is always at its maximum and Begin et al.
(1981) showed that sediment discharge is linearly proportional to the energy slope if water discharge
per unit width is assumed to be constant.

6.5.3 Calculation of water velocity and discharge from flow-resistance equation
The cross-sectional form, sediment transport, and river slope, calculated above, must now correspond
to a river with the water discharge given as input to the reach. For calculation of mean water discharge,
Chang (1988) used Lacey’s resistance equation,
1 1/4 1/2 1/2
u!
dm r S
(32)
Na
where
Na ! 0.0225 f 1/4

(33)

is Lacey’s absolute rugosity and
1/2

f L ! 1.6 Ð50
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is his silt factor. The water discharge, Q, can then be calculated from,
Q ! Au
(35)
It should be noted that Lacey’s equations were based on data with grain sizes between 0.15 and 0.40
mm and water discharges between 0.14 and 142 m3 s-1.

6.5.4 Calculation of cross-sectional stream power
By increasing width in steps, calculation of slope and cross-sectional stream power is carried out by
varying depth of flow for each width until the predicted water discharge is equal to the given water
discharge. Since the water discharge is given, the most stable channel condition occurs where the slope
value is at its minimum, since minimization of slope means minimization of cross-sectional stream
power.
The output from calculations based on extremal hypotheses will vary from case to case, depending on
the equations used. Use of poorly representative equations on sediment transport and friction will
therefore yield poor agreements between predicted and observed values. One criterion for selection
of equation can, therefore, be to see which equations are simulating the natural river before dam
construction best, since if the equations can be used for describing predam conditions, probably they
also are valid for describing channel morphology after dam construction.

6.6 NEW CALCULATION PROCEDURE
The minimization theory demands some computational effort. Therefore has a semi-analytical
alternative on how new equilibrium conditions can be calculated, been outlined below. The advantage
of the minimization theory was the introduction of grain size and load, so therefore does also the new
procedure use sediment parameters as input. Here, water discharge and sediment discharge are given
and dimensionless water discharge is assumed to determine the width and the depth of the river
(Equations 16 and 17 and Figures 5 and 6).
The slope can be calculated using a sediment-transport equation. Annandale (1987) listed several
sediment-transport equations and suggested that Yang’s (1973) should be used with Engelund &
Hansen’s (1967) and Ackers & White’s (1973) equations as checks. Reviews and comparisons
between them have been made by, for example, Yang & Stall (1976), Yang & Molinas (1982), Yang
(1987), Gomez & Church (1989), and Julien (1995). Here Yang’s (1973) dimensionless equation,
which is derived directly from the stream power concept, for sand transport has been used,
wD
u
#
logC s! 5.435 " 0.286 log s 50 " 0.457 log
! ν "
! ws "
wD
u
uS u cS
"
1.799 " 0.409 log s 50 " 0.314 log
log
#
! ν "
! ws "$ ! ws ws "

(36)

where Cs is total sand concentration in parts per million by weight, uc is critical velocity for sediment
movement [m s-1], u is shear velocity of flow [m s-1], and ws is terminal fall velocity of sediment
particles [m s-1]. In this equation, water velocity, shear velocity, critical velocity for sediment
movement, and settling velocity and are unknown. Water velocity is calculated from,
Q
u!
(37)
dw
and the shear velocity of the flow from,
u ! gd mS

(38)

The settling velocity of individual grains can be estimated from the following set of equations
(Hallermeier, 1981),
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w sD50
ν
w sD50
ν
w sD50

!

!

α
18

α0.7
6

(α < 39)

(39)

(39 < α < 104)

(40)

(41)
ν
where α is the Archimedes buoyancy index formulated as,
3
(ρs"ρ) gD50
(42)
α!
2
ρ
ν
If the flow has a high sediment concentration, one needs to take into account that the settling velocity
is changed markedly from that of individual grains due to increased upwater flow and specific weight
of the suspension, and therefore, reduced submerged weight of particle and a dynamic viscosity
increase. Wan & Wang (1994) gave the following expression for settling velocity if clay particles are
not present,
wg
(1"C v)2
!
(43)
wp
3
1#
(1/C v"1/0.52)
! 1.05α0.5

(104 < α < 3x10 6)

where wg is group fall velocity [m s-1], wp is single particle fall velocity [m s-1 ], and Cv is sediment
concentration [fraction volume].
Finally, the critical velocity for sediment movement can be calculated using Yang’s (1973)
dimensionless equations,
uc
u D
! 2.05
(44)
70 < $ 50
ws
ν
and

uc
ws

!
log
!

2.5
u$D50
ν

#0.66
"0.06
"

0<

u$D50
ν

< 70

(45)

If sediment concentration is more than 20 ppm by weight, Yang (1979) simplified the Equation 36 to,
wD
u
#
logC s! 5.165"0.153 log s 50 " 0.297 log
! ν "
! ws "
wD
u
uS
1.780 " 0.360 log s 50 " 0.480 log
log
#
! ν "
! ws "$ ! ws "

(46)

and if the material transported is of gravel he used,
wD
u
#
logCg! 6.681"0.633 log s 50 " 4.816 log
! ν "
! ws "
wD
u
uS ucS
"
2.784 " 0.305 log s 50 " 0.282 log
log
#
! ν "
! w s "$ ! w s w s "

where Cg is total gravel concentration in parts per million by weight (Yang, 1984).
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6.7 BEDFORM PREDICTIONS
It has been found that when increasing mean
stream power, bedforms will change from plane
bed over ripples and dunes to plane beds and
antidunes. How bedforms vary with mean stream
power and grain size can be seen in Figure 8.
Other approaches involving dimensionless grain
sizes and shear stresses have also been tried. For
example can the bedform stability diagram by Van
den Berg & Van Gelder (1993), based on a grainroughness related mobility parameter and a
dimensionless grain-size parameter, be used for
fine silt and sand beds.
The change in bedform will also change the
channels’ resistive influence on the flow. Among
the most common expressions of flow resistance
is the Manning formula,
r 2/3S 1/2
n!
(48)
u
where n is Manning’s roughness coefficient. How
Manning’s n varies with increasing mean stream
power and the associated bedforms can be seen in Figure 8. Determination of bedform based on mean
Figure 9.
stream power, ω [W m-2], and grain size, Ð 50 [mm] (Based
on Simons & Richardson, 1966, solid lines, and Allen,
1970, dotted lines).

Figure 9. Resistance to flow as described
by Manning’s resistance coefficient, n, and
its dependence on mean stream power, ω,
and associated bedforms with uniform
grains of 0.47 mm. Froude number, flow
velocity,
or
suspended
sediment
concentration could be other relevant
variables on the abscissa (Based on Chang,
1979a (with data from Guy et al., 1966),
and Bradley & McCutcheon, 1987).

To determine whether the bedforms belong to upper or lower flow regimes, the relations by Chang
(1988), based on data from Simons & Richardson (1966), can be used,
(1.05Ð50"0.60)
Ð50< 0.25 mm
(49)
ωl"u! 14.594 ! 10
ωl"u! 14.594 ! 10

(0.44Ð50"0.44)

Ð50> 0.25 mm

(50)

-2

where ωl-u is the threshold of mean stream power [W m ]. Lower-regime bedforms plot at lower
powers and upper-regime bedforms at higher powers.
Brownlie (1983) separated flow regimes by using slope and stated that if,
S > 0.006
only upper regime is expected and if,
S < 0.006

(51)
(52)
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the regime can be estimated by the grain Froude number, Fg ,
u
F g!
(ρ "ρ)
gD50 s
ρ
where if,
F g > 1.74S "

(53)

(54)

upper regime is expected.

6.8 PLANFORM PREDICTIONS
The above sections have treated the conditions at
a cross-section. From the resulting properties of
the two-dimensional channel, estimating the
planform is possible. The planform pattern of
river channels appears to be related to stream
power, such that when mean stream power
increases, the river will develop from straight
over meandering and braided, back to straight
again. Schumm & Kahn’s (1972) flume
experiment with bedload clearly showed this
behaviour. They observed a sinuosity peak
around 0.30 W m-2 when mean stream power was
increased. The behaviour can be seen in Figure Figure 10. Variation of sinuosity, P [m m-1], at increasing
10, but since it is a flume experiment, the stream- mean stream power, ω [W m-2], with a water discharge of
3 -1
power values are not representative for natural 0.0042 m s and sediment grain size of 0.7 mm (Based on
rivers. While the thalweg showed a meandering data from Schumm & Kahn, 1972).
pattern, the planform of the channel remained almost straight. They did not obtain a truly meandering
river until they decreased bedload and added suspended sediments. This suggests that both bedload
and suspended load are important factors for channel-morphology.
The variation of width to depth ratio as a function of cross-sectional stream power and mean stream
power can be seen in Figures 11 and 12. From the regression curves in Figure 11 and the moving
average curve in Figure 12, it can be seen that the width to depth ratio increases with increasing crosssectional stream power, but has a peak in the mean stream power diagram. This can be explained by
the fact that as width increases, mean stream power decreases. In nature, where mean stream power
increases, the river pattern will change from meandering over braided to narrow and straight.
A classification of channel planform patterns based on mean stream power and sediment
characteristics has been made by Nanson & Croke (1992) (Figure 13). They found three main groups:
(i) High energy (ω>300 W m-2) non-cohesive floodplains which usually are prevented from migrating
laterally by very coarse alluvium or bedrock, and dominated by relatively coarse vertical
accumulations. (ii) Medium energy (10<ω<300 W m-2) non-cohesive floodplains, typically with
meandering or braiding channel patterns where the preferred mechanism is lateral point-bar or braidchannel accretion. (iii) Low energy (ω<100 W m-2) cohesive floodplains which usually are laterally
stable with single-thread or anastomosing channels and predominantly formed by vertical accretion
of fine-grained deposits and by infrequent channel avulsions. Each main group include several
subgroups. From their classification it can be seen that no unique relation between mean stream power,
grain size and channel planform patterns, exists.

120

Prediction of downstream geomorphological changes after dam construction

Figure 11. Width to depth ratio, w/d, plotted against cross-sectional stream power, Ω [kg m s-3].

Figure 12. Width to depth ratio, w/d [m m-1], plotted against mean stream power, ω [W m-2 ]. Moving average of
width to depth ratio and associated channel-planform patterns are included for reference.

Figure
13.
Planform
appearance based on grain
size, Ð [mm], and mean
stream power, ω [W m-2]
(Based on classification
from Nanson & Croke,
1992).
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Another approach to predict channel pattern was tried by Van den Berg (1995). He used the index
potential specific stream power, ωv [W m-2], to discriminate between multi-thread and single-thread
channels. For sand-bed rivers ωv is
(55)
ωv ! 2100 Sv Qb
and for gravel-bed rivers ωv is
ωv ! 3300 Sv Qb

where Sv is the river valley slope [m m-1]. He related ωv to the channel-bed grain size as,
0.42
ωv, t ! 900D50

(56)

(57)

where ωv,t [W m-2] is the threshold value between multi-thread and single-thread channels. Multithread channels plot above the line and single-thread channels plot below the line. A shortcoming of
the method is that single-thread channels with sinuosity less than 1.3 plot on both sides of the line. The
examples given above show that predictions should be made with caution and that further studies are
necessary in this field.

6.9 EXAMPLE OF CALCULATIONS
As an example of calculation of channel parameters where inputs of water and sediment discharge are
known, the Reventazón River, Costa Rica, has been chosen. At the most downstream parts of the river,
the mean annual flood is approximately 1,400 m3 s-1, which correlates to bankfull flow. Based on
rating curves presented by AB Hydroconsult (1995), the suspended-sediment load for this discharge
is approximately 200,000 tonnes per day. From their report, a suggestion is made that bedload may
be approximately 20% of the suspended load (i.e. 40,000 tonnes/day). Median bed-material grain size
is 0.1 mm for this reach. These figures can be used for estimating a resulting channel morphology. The
following parameters are used for input: Qb =1,400 m3 s-1 , Cs = 1,984 ppm (2,778 106 kg s-1 solids /1.4
106 kg s-1 water), Qbl= 0.175 m3 s-1 (463 kg s-1 / 2650 kg m-3 ), D50 =0.0001 m, Ð50 =0.1 mm, g=9.82 m
s-2, s=2.65, z=1.5, and ν=1.3 10-6 m2 s-1. The results from the analysis are shown in Table 1.
Table 1. Resulting values describing channel form using different equations.
Eq. 9-11
Kellerhals Bray (1973)
Parker
Eq. 16, 17, Chang (1988) Reventazón
(1967)
(1979)
& 46
River
Width, w
180
123
216
821
111
154
90
Depth, d
3.93
2.97
4.05
7.37
4.95
5
w/d
71
73
15
31
18
Slope
0.00025
0.00013
0.00025

Based on the results from the analysis, also the channel planform pattern and bedforms can be
predicted. The new method, using Equations 16, 17, and 46, resulted in a mean stream power value
of 31 W m-2, while Chang’s (1988) method resulted in a value of 12 W m-2 . Both values, together with
the grain size, correctly describe the planform pattern as meandering. Using either Chang’s (1988) or
Brownlie’s (1983) equations, both methods will predict the bedforms to be in the upper flow regime
during bankfull flow.

6.10 DISCUSSION OF EXAMPLE AND METHODS
6.10.1 General
Evidently, the tools available for predicting stable channel geometry are not very precise, but to this
date it seems that simple empirical methods may give results as good as sophisticated mathematical
models. Carling (1996) stated that there are clearly a number of levels of increasing complexity at
which a river can be described. However, moving to a higher level of explanation may not produce
better results if too many assumptions have to be made. For many applications, sophisticated
122

Prediction of downstream geomorphological changes after dam construction

explanation is neither necessary nor cost effective (Carling, 1996). However, the example above,
showed that the simplest methods were not as good as than the more complex. Therefore, use of
simple regression equations must be chosen carefully, with conditions very similar between the river
studied and the rivers on which the equation has been based. Most important to get reliable results are,
probably, the measured field data used in the equations because the predictions will never be better
than the data input. Gathering of reliable data may seem like an easy task, but every person that has
been out in the field has also seen the great variation of cross-sectional channel geometries, of the
same river, within short distances.

6.10.2 Channel width
The results from the example show that width prediction differs greatly between the different methods.
One explanation for this may be that the equations are used for prediction under conditions they were
not developed. Howard (1980) pointed out that regime formulas differ for the two most common types
of beds in alluvial channels. Gravel-bed rivers where coarse gravels or cobbles move only near
bankfull discharge and sandbed rivers where transport occurs at all but perhaps the lowest flows.
Transitional forms between the two types are rare (Howard, 1980). From Figure 5 it can be seen that
Parker’s (1979) equation deviates from the new developed equation for the prediction of width. The
rivers in his analysis had dimensionless water discharges between 103 and 106 . The data plotted in this
figure does not invalidate his regression curve within this range. However, at larger dimensionless
discharges his curve will give higher dimensionless widths. This could in part be explained due to that
his analysis only included gravel-bed rivers and not fine-grained material rivers. When comparing the
results from the analysis, it can be seen that many methods over-predicted the width significantly,
especially Parker’s that was developed from gravel-bed river data.

6.10.3 Channel depth
From the example it can be seen that those methods that over-predicted the width largely, underpredicted the depth. This is in accordance with the continuity equation where the product of water
velocity, width, and depth must equal water discharge. Notable is that the error percentages are smaller
for prediction of depth than for width.

6.10.4 Width to depth ratio
Bray (1982) investigated 70 gravel-bed rivers in Alberta, Canada, and found that the form factor, i.e.
width to depth ratio, increases with increasing discharge. He also noted that those channels with banks
composed of fine-grained material tend to have lower form factors than those channels without finegrained material (partly explained by presence of cohesive material and well-developed root systems
in the prior ones). This may be the explanation why Bray’s (1973) and Parker’s (1979) equations,
developed for gravel beds, yield so high ratios in comparison to the Reventazón River. The
discrepancy between Equation 11 and the width to depth ratio calculated from Equations 9 and 10
suggests that water discharge only, is not sufficient to describe the channel cross section satisfactorily.

6.10.5 Bankfull discharge
Use of an incorrect water discharge may severely reduce the success of predicting width and depth,
since both are strongly correlated to the discharge. This is especially true for the Reventazón River
where floods are flashy and their magnitudes differ greatly from year to year. Therefore, long data
series of measurements are vital for a correct description.

6.10.6 Sediment concentration
In this analysis, the sediment concentration used, was the one corresponding to the bankfull flow. This
can be questioned. Is it really these concentrations that have the largest influence on the morphology,
or is it, for example, lower concentrations corresponding to lower discharges, that may be more
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important, due to a greater tendency of being deposited? This subject has been very little discussed
in the literature.
When upstream changes occur, such as after dam construction, the river may experience new channelforming flows of another magnitude. Earlier empirically based bedload functions may therefore be out
of date (Kellerhals, 1982). Furthermore, the calculations will be remarkably more difficult if sediment
management, such as flushing and sluicing of sediment, takes place. Are such flows formative on the
long timescale or are they just short-period effects? A hypothetical example can be given. After dam
construction, the reservoir intercepts most sediment delivered to it. The river downstream is
responding with degradation and coarsening of the bed, due to a higher sediment-transport capacity
of the flow than the imposed sediment load. However, during flushing, a sediment pulse is released
that will cause aggradation and fining of the river bed due to overloading of flow. The question that
arises is, which grain size is representative for use in the predictions and how can the sediment
concentration be correctly described? Probably a coarser bed-material grain size would be the correct
one during most of the year and a finer grain size, obtained from the released material from the
reservoir, the correct one during flushing periods and the time nearest after.

6.11 CONCLUSIONS
These examples of equations clearly show that the results can differ greatly. Depending on, for
example, the character of bed material, climate, and scales, great care must be taken with special
emphasis on differences between the river concerned and the rivers on which the equations are based.
The use of several equations developed for the special conditions prevailing in the river studied, may
therefore be a good idea to determine in which range the results may be.
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6.13 NOTATION
A
b
Cd
Cg
Cs
Cv
D
Di
D50
Ð50
d
dc
dm
d*
F
Fg
Fr
Frmin
f
fL
g
h
K
k
L
Li
l
Na
n
P
p
Q

Cross-sectional area of flow [m2]
Bottom width of channel [m]
DuBoys sediment coefficient [m6 N-2 s-1]
Gravel concentration [ppm weight]
Sand concentration [ppm weight]
Sediment concentration [fraction volume]
Bed-material grain size [m]
Grain size of sediment released to downstream
[m]
Median grain size [m]
Median grain size [mm]
Depth of flow [m]
Central depth of channel [m]
Mean depth of flow [m]
Dimensionless depth
Width to depth ratio [m m-1] = w/d
Grain Froude number
Froude number
Minimum Froude number
Darcy-Weisbach friction factor
Lacey’s silt factor
Acceleration of gravity [m s-2]
Channel bed level [m]
Sediment-transport capacity of flow [kg s-1]
Constant
Sediment load [kg s-1]
Sediment load released to downstream [kg s-1]
Channel reach length [m]
Lacey’s absolute rugosity
Manning’s roughness coefficient [m-1/3 s]
Sinuosity [m m-1]
Wetted perimeter of channel [m]
Water discharge [m3 s-1]

Qb
Qbl
Qd
Qs
Q*
qbl
r
S
Sv
s
u
uc
u
w
wp
wg
ws
w*
z
α
γ
γs
δc
η
λ
ν
ρ
ρs
τc

Bankfull discharge [m3 s-1]
Bedload sediment discharge [m3 s-1]
Dominant water discharge [m3 s-1]
Sediment discharge [m3 s-1]
Dimensionless water discharge
Bedload sediment discharge per unit width
[m2 s-1]
Hydraulic radius [m]
Energy slope [m m-1]
River valley slope [m m-1]
Relative weight of sediment
Mean flow velocity [m s-1]
Critical flow velocity for sediment entrainment
[m s-1]
Shear velocity [m s-1] = (gdS)1/2
Surface width of channel [m]
Single particle fall velocity [m s-1]
Group fall velocity of particles [m s-1]
Fall velocity of sediment [m s-1]
Dimensionless width
Channel bank slope [m m-1]
Archimedes buoyancy index
Specific weight of water [kg m-2 s-2] = ρg
Specific weight of sediment [kg m-2 s-2] = ρs g
Flow competence, i.e the maximum particle size
transportable [m]
Dynamic viscosity [kg m-1 s-1]
Meander wavelength [m]
Kinematic viscosity [m2 s-1] = η/ρ
Density of water [kg m-3]
Density of sediment [kg m-3]
Critical shear stress for sediment movement
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τ0
Φ
φ
Ω
Ω*
ω
ωv
ωv,t

[kg m-1 s-2]
Boundary shear stress [kg m-1 s-2] = γrS
Energy dissipation rate [J s-1]
Unit stream power [m s-1] = uS
Cross-sectional stream power [kg m s-3 ] = ρgQS
Dimensionless cross-sectional stream power
Mean stream power [kg s-3 , W m-2 ] = ρgruS = τ0u
Van den Bergs potential specific stream power
[W m-2]
Van den Bergs potential specific stream power

ωl-u

threshold [W m-2]
Mean stream power threshold between lowerregime and upper-regime bedforms [W m-2]

+
±
°

Increase
Decrease
Increase or decrease
No change

6.14 REGRESSION STATISTICS
Table 2. Statistics of regressions. r2 is correlation coefficient squared, σ is standard error, n is number of
observations, α is intercept on y-axis of logged values, β is coefficient of logged values, 101.15 σ2 is correction
coefficient for bias, and k is the product of 10α and 101.15 σ2 . Note that comparisons between the r2 -values cannot be
readily made since there is an element of spurious correlation in the equations containing dimensionless parameters
(Bray, 1982).
y
x
r2
σ
n
α
β
10α 101.15 σ2 k=10αx 101.15 σ2
Equation y=kxβ Eq. no.
w/d Ω
0.305 0.298
309 0.643 0.239 4.395
1.266
5.563
w/d=5.56Ω0.24
(58)
0.27
w/d Qb
0.286 0.302
309 0.898 0.266 7.901
1.274
10.064
w/d=10.1Qb
(59)
w
Qb
0.763 0.209
309 0.570 0.520 3.715
1.122
4.169
w=4.17Qb0.52
(60)
d
Qb
0.817 0.184
397 -0.481 0.333 0.330
1.094
0.361
d=0.36Qb0.33
(61)
0.395
w* Q*
0.941 0.227
268 1.032 0.395 10.769
1.146
12.338 w*=12.34Q*
(62)
w* Ω*
0.950 0.209
258 1.151 0.394 14.144
1.123
15.885
w*=15.89Ω*0.39
(63)
0.42
d* Q*
0.964 0.180
338 -0.487 0.424 0.326
1.090
0.355
d*=0.36Q*
(64)
0.42
d* Ω*
0.968 0.172
328 -0.347 0.424 0.450
1.082
0.487
d*=0.487Ω*
(65)
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NATURAL CONDITIONS IN THE REVENTAZÓN RIVER BASIN
7.1 GEOGRAPHY
The investigation took place at the Cachí Reservoir and the Reventazón River, which originates from
springs in the central parts of Costa Rica. The drainage basin is situated between longitudes 83° 20'
W and 84° 03' W and between latitudes 9° 33' N and 10° 22' N and the total basin area is 2,953 km2
(Ramírez et al., 1992). The length of the river downstream from the Cachí Dam to the Caribbean Sea
is approximately 125 km.
The main boundaries of the drainage area are the mountain ranges Cordillera Central to the north, with
the Irazú Volcano as the highest peak, and the Cordillera de la Talamanca to the south, with peak
elevations between 1,900 and 3,300 m a.s.l. (Fig. 1). To the west the basin is limited by the water
divide between the Eastern and Western Meseta Central, and to the east, the limit is made by the water
divide of the Pacuare River (Ramírez et al., 1992).

Figure 1. The Reventazón River basin with the main sub-basin boundaries in gray.
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Upstream from the Cachí Reservoir the river is named Río Grande de Orosi. The main tributaries are
the Macho River and the Navarro River. Downstream from the reservoir the main tributaries are the
Pejibaye River, Atirro River, Tuis River, Turrialba River, and the Guayabo River. After merging with
the tributary, Parismina River on the lowland, Reventazón River takes on the name of Parismina River
(Fig. 1).

7.2 GEOLOGY
The bedrocks and soils in the area are
important for the amount and constitution of
the transported sediments in the river. The
most prevalent rocks in the area are volcanic
from either the Quaternary or Tertiary periods.
Also common are sedimentary rocks of the
same ages, and intrusive rocks exist as well
(Ramírez et al., 1992). Drainage area soils are
mainly residual and alluvial of volcanic origin
(Ramírez et al., 1992). Since the topography in
most of the basin is very mountainuous,
landslides are common in the loose soils and
rocks. To illustrate the frequent slides, due to
high slopes, two photos taken 1993 and 1996
are shown in Figure 2. In the left photo, the Figure 2. Land slide southwest of El Congo. Left photo taken
one week after it had occurred in 1993 and right photo taken
ground is bare, while in the right photo,
three years later in 1996.
vegetation has reestablished so no bare soil is
visible. Due to fast recovering, these processes may appear insignificant, but in fact they contribute
much to the sediment delivered to the water course. For a more detailed description on geology, see
for example Krushensky (1972), Castillo-Muñoz (1983), and Ramírez et al. (1992).

7.3 LAND USE
Besides the types of bedrocks and soils, also the land-use practices will affect the amount and
constitution of sediment delivered to the rivers. The agriculture in the Reventazón valley is based
mainly on plantations, formerly banana, now coffee and sugar (León, 1948). Land use varies
according to soil and topography characteristics. On the Atlantic coastal plain, banana plantations are
common. On the slopes of the Cordillera Central, vegetable fields and pastures for dairy cattle are
predominant, and in the central basin coffee and sugar cane dominate (Ramírez et al, 1992). About
55% of the drainage area upstream from Guayabo is covered with natural vegetation, 23% is used for
agriculture, and 21% is used for livestock (Ramírez et al, 1992).
The soils in the upper Reventazón basin, i.e. upstream from the Cachí Reservoir, are used for the
production of potatoes, vegetables, and coffee (Sanchez-Azofeifa and Harriss, 1994). Pasture is
common in the La Troya sub basin and the Palomo sub basin is predominantly forested. A satellite
image from 1992 showed that approximately 50% of the Reventazón basin was covered with primary
rain forest, mainly in the Palomo sub basin (Sanchez-Azofeifa and Harriss, 1994).

7.4 CLIMATE
Costa Rica is completely within the tropics, with no distinct temperature variations between summer
and winter. The average temperature of the warmest month does not exceed the temperature of the
coolest by more than 5°C at a given site (Coen, 1983). The climate in the eastern part of the country,
where the Reventazón basin is situated, is classified to Köppen’s Af (Average temperature of coolest
month 18°C or higher with no marked dry season) according to Henderson-Sellers and Robinson
(1986). As the climate is heavily dependent on topography, the climate tends to change towards C (i.e.
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mean temperature for the coldest month lower than 18°C) with higher altitude.
As Costa Rica is located in the area of the Northern Hemisphere Trade Winds, winds come from the
northeast throughout the year. The Trades are stronger in the period from December to April and from
July to August than in other months (Chacón and Fernandez, 1985).
During the northern hemisphere winter season, Central America is affected by frequent outbreaks of
cold air, “nortes”, which originate in the interior of the North America Continent. When the cold dry
air crosses the Gulf of Mexico, it is modified due to the gain of latent and sensible heat from the
surface. On arrival at Central America it interacts with the pronounced orography, producing persistent
rains on the windward side, i.e. the Caribbean side, of the mountain ranges (Chacón and Fernandez,
1985). These events occur mainly during the months of December to January (Chacón and Fernandez,
1985). During the same season, Central America is also affected by upper tropospheric troughs in the
middle latitude westerlies, resulting in persistent rains on the Caribbean side (Chacón and Fernandez,
1985).
In the May to November period, Costa Rica is affected by the Intertropical Confluence Zone (ITCZ).
However, in the mountainous regions of the Caribbean side of Costa Rica, most of the rainfall is due
to local convection induced by diurnal surface heating (Chacón and Fernandez, 1985). The convective
rain is of short duration (1 to 6 hours) and of great intensity (Chacón and Fernandez, 1985). Most rain
falls within this period, mainly between the hours 12.00 and 6.00 pm. The rest of the year, rainfalls
are more evenly distributed through the day (Chacón and Fernandez, 1985). In December to April
orographic rain predominates and occurs in a continuous form for several days (1 to 5 days) (Chacón
and Fernandez, 1985).
An important climate control of Costa Rica is the episodic influence of tropical cyclones in the
Caribbean (Waylen et al., 1996a). These hurricanes have increased in number through 1960 to 1990
(Brenes and Saborio, 1994). Another feature observed is that the Caribbean coast receives increased
summer precipitation but decreased winter rains during El Niño-Southern Oscillation events (Waylen
et al., 1996a). Waylen et al. (1996b) also noted that the differing orientations of the Central and
Talamanca cordilleras produce rain-shadow effects and permit leakage of Pacific influences over the
locally lower Caribbean divide.
Vahrson (1992) studied rainfall characteristics in the Reventazón River basin and showed that the
lowlands (<500 m) had a homogeneous spatial distribution and relative high intensities of rainfall. The
mountains between 500 and 2,000 m had very heterogeneous intensities while the mountains over
2,000 m had low intensities. The highest rainfall intensities (>150 mm/h for one-hour 100-year
rainstorm) and quantities (>7,000 mm/year) occur in a windward area below 2,000 m (Vahrson, 1992).
He reported that the mean annual precipitation in the Reventazón River basin is 3,780 mm and it
ranges from 1,329 mm at Cartago to 7,556 mm at the meteorological station T-Seis (Figs 1 and 3). He
also noted that the coast and low-lying areas have precipitation minima in February, March, April,
September, and October, while T-Seis only have minima in February, March, and April. In the Trade
lee zones between 500 and 2,000 m a.s.l., low amounts of rainfall occur with low long-time intensities,
but high short-time intensities (Vahrson, 1992). Monthly values of rainfall and potential
evapotranspiration for three sites in the basin can be seen in Figure 3.

Figure 3. Monthly rainfall (bars) and
potential evapotranspiration (lines) for the
meteorological stations Cartago, El Humo,
and T-Seis. See Figure 1 for locations
(Derived from Vahrson, 1992).
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7.5 RIVER CHARACTERISTICS
7.5.1 River geomorphology
After dam construction, modified water discharges may lead to the river flow not being able to
transport the bed material and change the morphology (see Chapter 4). That the Reventazón River still,
after dam construction, is very active geomorphologically can be seen by comparing air photos from
different years. Especially the flatter and wider areas where the river is not confined into a narrow
valley, i.e. south east of Turrialba at around 20 km downstream from the dam (Figs 4, 5 and 10; see
also Figs 7 and 13 in Chapter 8), and farthest downstream below 70 km downstream from the dam
(Fig. 6; see also Fig. 8 in Chapter 8), experience frequent shifts of the river channel. However, also
the parts of the river that flows in narrow sections experience changes. Mayfield and Gallo (1997)
reported that, for example, the rapids below the Turrialba River confluence change dramatically from
season to season. Besides transported material in the river, many landslides also contribute with
material for the river to adjust to (Mayfield and Gallo, 1997).

Figure 4. Change of the river planform pattern
from 1956 to 1990 in the area south east of
Turrialba (Based on air photos obtained from
Instituto Geográfico Nacional, San José, Costa
Rica.

Figure 5. The area south east of Turrialba, illustrating changes
between 1993 and 1996, seen from northeast.

Another method to detect river-channel changes uses the relationship between water discharge and
water level (see Section 4.3.5). When the channel’s cross section changes, the water-stage waterdischarge relationship is no longer valid, wherefore new relationships are constructed. Changes of
water levels at 25 m3 s-1 are shown in Figure 7 for all hydrological stations run by Instituto
Costarricense de Electricidad. Attention should be paid to the possibility that the measuring rods have
sometimes been replaced after heavy rainstorms, and been positioned at a new location, without proper
notations in the record. However, the curves show that the water level, and hence bottom level, vary
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1956
1992
N

Figure 6. Change of the
river planform pattern from
1958 to 1992 in the area
farthest downstream. The
figures are based on air
photos obtained from
Instituto
Geográfico
Nacional, San José, Costa
Rica.

1 km

Figure 7. Water level at a
discharge of 25 m s-1 at the
hydrological stations.

significantly through time, as new relationships yielding new gauge heights continuously have to be
constructed. If the curve from El Congo, where measurements are from the date of dam construction,
is correct, neither large degradation nor aggradation has occurred. Although the curves for the stations
farther downstream may suffer from replacements of measuring rods, they clearly show a more
varying pattern. The variation is very pronounced in the tributaries, where migration of bed and bank
material probably is important.
Above the reservoir (Fig. 8), where the river is named Río Grande de Orosi, the river flow is
mountainous with river gradients ranging from 0.04 down to 0.016 closer to the reservoir. Immediately
downstream from the reservoir the river flows in a canyon (Fig. 9; see also Fig. 5 in Chapter 8 and Fig.
22 in Appendix C), with a gradient of about 0.02. The canyon gradually becomes wider and the slope
decreases in the downstream direction (see Figs 6, 15, and 16 in Chapter 8), down to the flat area south
east of Turrialba, where the gradient is only 0.002 (Figs 5 and 10; see also Figs 7 and 13 in Chapter
8 and Fig. 25 in Appendix C). Downstream from the plain down to west of Siquirres, the river again
becomes steeper with slopes around 0.01 (Fig. 11; see also Figs 26 to 30 in Appendix C). From there
the landscape flattens, and the last 40 km of the river the drop is only 20 m, giving a slope of 0.0005
(see Fig. 8 in Chapter 8 and Figs 23 and 24 in Appendix C).
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Figure 8. Upstream view of
the Río Grande de Orosi in
the Tapantí National Park,
circa 40 km upstream from
the Cachí Dam.

Figure 9. Upstream view of
the Reventazón River from
the Fajardo Bridge circa
1.75 km downstream from
the dam.

Figure 10. Downstream
view of the flat area south
east of Turrialba where the
river divides into several
channels.
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Figure 11. Upstream view
of the Reventazón River at
65 km downstream from the
dam.

In Figure 12 can be seen the longitudinal variation of elevation, the river gradient, and the channel
width. The flat area with the downstream increase of river gradient can be clearly seen as a knickpoint
at around 28 km downstream from the dam (Fig. 12). In Figure 13, a moving average has been applied
on channel widths and slopes to get a smother curve and reduce interpretation errors. The river profile
can be compared with the topographical map in Figure 14.

Figure 12. River profile, gradient, and channel width of the Reventazón river downstream from the dam. Also
included are sample sites from the investigations in both 1993 and 1996.
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Figure 14. Map showing the topography in the Reventazón drainage basin downstream from the Cachí Reservoir
to the confluence with the Parismina River. Both the stations from 1993 and 1996 are plotted in the figure.

7.5.2 Water discharge
To get an idea of the flow characteristics of the Reventazón River, water-discharge data, obtained from
Instituto Costarricense de Electricidad, has been analyzed. Above the reservoir two main tributaries
feed the downstream river with water (Fig. 1). The Río Grande de Orosi river, gauged at Palomo,
contributes with the major part, but a significant input also comes from the Navarro River, gauged at
La Troya. These two rivers merge just upstream from the reservoir, so only a small amount of rainfall
is discharged directly to the reservoir. Downstream from the dam four more gauging stations at the
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Reventazón River exist, as well as one at the tributary Pejibaye River at Oriente, with long-period
records (Fig. 1).
From flow-duration curves it can be
seen that water discharge increases in
the downstream direction due to input
from tributaries (Fig. 15). At El
Congo, i.e. the most proximate
downstream gauging station, circa 10
km downstream from the dam, the
influence from the Cachí Dam can be
seen. This station receives lower
discharges than the upstream Palomo
station (Table 1). Also for El Congo,
a pronounced knickpoint in the curve
can be seen (Fig. 15). This is because
flows are diverted from the Cachí
Dam, and introduced back to the river Figure 15. Flow-duration curves showing percent time of exceeded mean
at the power generation house just daily-discharge at all hydrological gauging stations.
downstream from El Congo. Due to only small input from tributaries in the reach between the dam
and El Congo, this means that this reach has either very low discharges, less than 10 m3 s-1 , or high
water discharges, more than 50 m3 s-1, and practically no intermediate discharges. The gauging station
Guayabo, circa 41 km downstream from the dam, probably suffers from a too short measuring period
to be able to show the high flows correctly (Fig. 15). At all stations, but El Congo, the appearances
of the curves are very similar.
Table 1. Mean-daily flows measured at the different hydrological gauging stations in the Reventazón River basin
(calculated from data obtained from Instituto Costarricense de Electricidad).
Month
Palomo
La Troya
Oriente
El Congo
Angostura
Guayabo
Pascua
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
May
24.79
4.73
29.66
16.65
84.25
80.34
100.58
June
39.39
7.46
39.74
28.74
115.77
113.98
141.01
July
40.98
7.78
34.73
35.71
117.04
118.01
143.61
August
45.95
10.10
40.55
38.62
121.69
132.08
160.42
September
50.04
14.40
44.28
50.79
138.93
143.69
179.23
October
52.50
16.94
46.21
52.42
145.90
152.21
181.94
November
44.69
10.42
38.02
41.62
125.62
116.25
158.68
December
37.32
7.37
29.96
34.89
117.03
111.14
148.37
January
25.00
5.22
20.00
22.67
76.84
80.29
103.36
February
20.01
4.48
17.09
15.82
61.12
63.78
87.71
March
14.99
3.55
13.69
13.08
49.99
59.37
72.05
April
13.73
3.32
16.92
11.91
56.93
53.55
78.55
Year
34.10
7.83
31.10
30.27
100.64
102.88
129.93

From Table 1 and Figures 16 and 17 it can be seen that the period from June to December has most
water flow and that March is the month of least water flow. When comparing flow durations for
different five-year periods, Figure 18 from the El Congo station shows that the released amount of
water has decreased for every five-year period since 1962. The decrease is clearly related to the waterrelease policies at the dam. The construction of the Cachí Dam commenced in 1963 and power was
first generated in 1967 (Ramírez et al., 1992). Since then, more water has been diverted for electrical
generation every year. A corresponding decrease cannot be found if looking at either upstream or
downstream stations, where there are only small variations between the periods (see Figs 6 to 8 in
Appendix A). Note however, that the high flows at El Congo have not decreased through time. Clearly
the Cachí Reservoir cannot impound all water during heavy rainstorms, wherefore most of the water
during these events is released to the downstream reaches. This may be the explanation to why the
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Figure 16. Mean daily water flow for each month for the Palomo and La Troya gauging stations upstream from the
Cachí Reservoir and the Oriente station at the downstream tributary, Pejibaye River.

Figure 17. Mean daily water flow for each month for the gauging stations downstream from the Cachí Reservoir.

reach at El Congo does
not experience severe
degradation
or
aggradation (see Fig. 7).
The stations show that
the period between
1965/66 and 1969/70
experienced the highest
water discharges (see
Figs 5 to 8 in Appendix
A). An increase in
precipitation probably
occurred during this
period, because also the
unregulated
tributary,
the Pejibaye River, show
this behaviour (see Fig.
Figure 18. Flow-duration curves at El Congo, showing percent time of exceeded mean
4 in Appendix A).
daily-discharge for different five-year periods.
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An analysis of maximum discharges was made for all hydrological stations. In Table 2 are mean values
of maximum instantaneous discharge divided into months shown (see also Fig. 10 in Appendix A),
and in Table 3 are the flood frequencies shown for each station. It should be noted that the predicted
values at Guayabo suffer from a short gauging period and that estimates should not be done for return
periods more than the highest measured one. Notable is that the mean annual flood is very close to the
2.33 year flood. See Figure 11 in Appendix A for diagrams on all stations, where all data points are
plotted together with estimated return periods and 95% confidence intervals. The fitted curves follows
the data good except for the Angostura station, where the water discharges becomes much higher than
estimated for return periods over 10 years. This may be due to the large tributaries, draining to the
Reventazón River at just a short distance upstream from the station, making the appearance of the
hydrograph bimodal, or due to incorrect relationships between gauge heights and estimated high-water
discharges.
Table 2. Monthly mean values of maximum instantaneous flows, measured at the different hydrological gauging
stations in the Reventazón River basin (calculated from data obtained from Instituto Costarricense de Electricidad).
Month
Palomo
La Troya
Oriente
El Congo
Angostura
Guayabo
Pascua
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
May
184.99
42.27
168.41
153.82
309.42
337.36
417.17
June
289.87
53.29
247.90
220.63
438.74
439.91
544.62
July
274.17
70.17
228.44
253.42
386.45
465.82
629.36
August
231.33
76.11
234.59
309.34
423.71
561.00
775.81
September
252.60
115.34
286.66
453.00
480.11
547.40
604.78
October
262.47
129.14
243.53
481.00
536.03
622.09
653.96
November
188.50
42.74
170.76
334.68
441.68
358.45
527.82
December
175.71
26.21
137.48
307.00
518.64
477.82
829.92
January
126.88
9.98
91.05
187.28
274.61
347.33
523.15
February
108.22
13.10
82.22
116.78
187.91
193.90
422.21
March
74.89
7.29
55.82
76.28
138.55
270.47
257.98
April
64.65
20.36
92.23
61.46
245.57
186.69
401.22
Yearly max
410.21
167.36
372.48
764.11
865.62
812.33
1468.63
Table 3. Water discharges for different return periods at the different hydrological gauging stations in the Reventazón
River basin (calculated from data obtained from Instituto Costarricense de Electricidad). Calculations have been
made according to Shaw (1994), using Gumbel’s extreme-value distribution and Gringortens correction factor, due
to small sample populations.
Reduced Return period Palomo
La Troya
Oriente
El Congo Angostura Guayabo
Pascua
variate
[years]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
-1.93
1.001 187.03
19.80
159.62
18.40
-310.70
280.90
-497.76
-1.53
1.01 222.90
43.52
193.84
138.26
-121.62
366.32
-187.64
-0.87
1.1 281.12
82.01
249.36
332.78
185.23
504.95
315.65
-0.48
1.25 316.57
105.45
283.18
451.24
372.08
589.37
622.13
-0.09
1.5 350.52
127.90
315.56
564.68
551.03
670.21
915.64
0.37
2 391.47
154.97
354.62
701.51
766.88
767.73
1269.66
0.58
2.33 410.33
167.44
372.60
764.52
866.27
812.63
1432.68
0.90
3 439.15
186.49
400.09
860.82
1018.17
881.26
1681.83
1.25
4 469.67
206.67
429.19
962.77
1179.00
953.92
1945.63
1.50
5 492.26
221.60
450.74
1038.25
1298.06
1007.70
2140.90
2.25
10 558.98
265.72
514.38
1261.20
1649.75
1166.59
2717.74
2.67
15 596.63
290.61
550.28
1386.98
1848.17
1256.23
3043.19
2.97
20 622.99
308.04
575.42
1475.06
1987.10
1319.00
3271.06
3.90
50 705.84
362.81
654.44
1751.87
2423.76
1516.27
3987.27
4.60
100 767.92
403.86
713.65
1959.31
2750.98
1664.10
4523.97
5.30
200 829.78
444.76
772.65
2165.99
3077.00
1811.39
5058.71
6.91
1000 973.06
539.49
909.31
2644.74
3832.21
2152.58
6297.39
Annual flood 410.21
167.36
372.48
764.11
865.62
812.33
1468.63

Figure 19 shows how the maximum instantaneous discharge for different return periods increases with
increased distance from the dam. Again it can be seen that Guayabo suffers from a short gauging
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period, but also that the
dam has no effect on
high flows, i.e. the
pattern for El Congo
corresponds with the
other stations. During
high flows, the dam
gates are opened and the
flow is released at the
same rate as it enters the
reservoir.
In table 4 are the
minimum
daily-mean
water discharges for
each month shown (see
also Fig. 9 in Appendix
A). The values follow
the same pattern as the
Figure 19. Return periods for yearly maximum instantaneous flows at all hydrological
mean daily discharges in gauging stations in the Reventazón River basin.
Table 1.
Table 4. Mean values of minimum mean-daily flows for each month, measured at the different hydrological gauging
stations in the Reventazón River basin (calculated from data obtained from Instituto Costarricense de Electricidad).
Month
Palomo
La Troya
Oriente
El Congo
Angostura
Guayabo
Pascua
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
[m3 s-1]
May
11.60
2.67
14.25
8.16
44.56
46.79
57.02
June
21.09
3.97
22.83
11.87
75.02
80.20
89.69
July
24.02
4.63
20.48
18.05
78.97
78.12
75.83
August
27.48
5.35
22.52
18.91
80.65
97.81
104.24
September
30.41
6.77
25.31
22.55
87.41
97.48
116.29
October
31.82
8.50
28.23
22.07
88.91
100.33
112.33
November
26.43
6.20
20.32
18.78
76.69
80.32
96.91
December
18.88
4.98
15.14
15.58
62.64
63.26
77.40
January
14.32
3.97
11.42
11.51
46.67
48.55
60.70
February
11.02
3.33
9.90
9.10
37.54
38.40
51.37
March
9.01
2.81
8.82
7.96
32.00
32.00
44.33
April
8.28
2.46
8.74
6.97
31.35
33.68
42.00
Yearly min
7.49
2.10
7.69
6.02
26.39
29.76
35.21

7.5.3 Sediment discharge
The Reventazón River basin is a major source of drinking water, hydroelectricity, and agricultural
products for the capital, San José (Sanchez-Azofeifa and Harriss, 1994). Soil erosion in the basin is
a growing threat to both water quality and hydropower production (Sanchez-Azofeifa and Harriss,
1994). Measurements of sediment discharge are, therefore, very important and have been carried out
since the late sixties. No data on dissolved substances are presented, but an examination made on
surface waters draining volcanic landscapes in Costa Rica indicates that widespread geothermal
activity has an impact on stream chemical composition and biota (Pringle and Triska, 1991).
Sanchez-Azofeifa and Harriss (1994) noted, from sediment sampling at La Troya and Palomo, that
La Troya showed larger sediment transport rates, 51.4 t yr-1 km-2 , than Palomo, 18.3 t yr-1 km-2 . They
believed that it is likely that areas of crop and pasture on steeplands in the La Troya catchment are a
major source of sediment in the Reventazón watershed (Sanchez-Azofeifa and Harriss, 1994). The
higher yield at La Troya can be attributed to more intensive human activities upstream from La Troya,
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whereas upstream from Palomo, an extensive forest cover exists (AB Hydroconsult, 1995b). The La
Troya basin may also have large volumes of material available for erosion due to the eruptions of the
Irazú Volcano, which produced ash deposits and debris flows (Waldron, 1967). The highest
production of sediment has been observed during the highest rainfall months of September and
October (Sanchez-Azofeifa and Harriss, 1994). In contrast to the rain period, Palomo exports
somewhat more sediment than La Troya during the dry summer season, when erosion is at the
minimum. This may be caused by slightly higher rainfall in the watershed upstream from Palomo. AB
Hydroconsult (1995b) also noted that the yield in cultivated areas was much higher than uncultivated
areas, particularly in areas with coffee and sugar-cane plantations.
Annual suspended-sediment transports for different stations in the Reventazón River basin are shown
in Table 5. Instituto Costarricense de Electricidad has taken sediment samples for many years (ICE,
1993). However, since the inflow of sediment transported to the Cachí Reservoir has been measured
to only a fraction of the sediment released during flushing, they suspected that something was wrong
with the methods used to estimate the transport (Jansson and Rodríguez, 1992). To get correct results,
a sediment sampling campaign started, since sampling only had been at times when low flows
occurred. Jansson (1992) concluded that after sediment had been sampled also during high flow events
and sediment loads had been calculated using hourly data, instead of daily, the sediment loads could
be satisfactorily described. Based on these calculations AB Hydroconsult (1995a), showed more
correct estimations for the Angostura, Guayabo, Oriente, and La Suiza stations (Table 5). No longterm estimations were presented for the other stations, but the real values are clearly much higher than
those given by Instituto Costarricense de Electricidad. For example, in the year 1989-1990, ICE
calculated the load to 83,083 t at Palomo and 169,111 t at La Troya. For the same year, Jansson (1992)
calculated the load to 450,000 t at Palomo and 265,000 t at La Troya, based on equations developed
from the campaign. To get the total transported load, the bedload should be added to these figures.
Table 5. Suspended-sediment loads in the Reventazón River basin.
Station
River
Years
Dr. area Sed. transport Spec. sed. trp.
(ICE, 1993)

Belén
Macho River
1967-1992
Montecristo Macho River
1967-1992
Tapantí Arriba Río Grande de Orosi 1975-1992
Palomo
Río Grande de Orosi 1971-1992
La Troya
Navarro River
1971-1992
El Congo*
Reventazón River
1981-1992
Angostura*
Reventazón River
1967-1992
Guayabo*
Reventazón River
1983-1992
Pascua*
Reventazón River
1966-1992
El Humo
Pejibaye River
1968-1992
Oriente
Pejibaye River
1966-1992
La Suiza
Tuis River
1988-1992
Turrialba
Turrialba River
1981-1992
*
sediment during flushing not included
1
2,800,000 t, flushing included
2
2,400,000 t, flushing included

(ICE, 1993)

(ICE, 1993)

[km2]
[t yr-1]
47.40
1,223
64.50
4,288
187.40
17,476
371.10
87,178
274.60
169,612
877.00
23,346
1337.10 1,045,011
1513.40
616,923
1673.20
708,830
136.50
32,818
226.90
92,409
49.30
4,351
76.70
20,030

Sed. transport

(ICE, 1993)

(AB Hydroconsult, 1995a)

[t yr-1 km-2]
26
66
93
235
618
27
782
408
424
240
407
88
261

[t yr-1]

~ 2,000,0001
~ 1,700,0002

~ 350,000
~ 14,000
> 27,000
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SEDIMENTOLOGICAL AND GEOMORPHOLOGICAL
EFFECTS OF RESERVOIR FLUSHING:
THE CACHÍ RESERVOIR, COSTA RICA, 1996
S. Anders Brandt and Joar Swenning

ABSTRACT
The Cachí Reservoir on the Reventazón River, Costa Rica, is flushed on an almost yearly basis. A field
investigation of the 1996 flushing was carried out in order to elucidate from where in the reservoir the
material originates, where and to what extent the released sediments will deposit along the river from
the dam to the sea, and finally how this can be explained. A reservoir survey was conducted by means
of echo-sounding along certain cross-sections before and after the flushing. The material was found
to both deposit in between flushings and to be eroded during flushing, mainly in the uppermost and
lowermost parts of the old river channel. In the downstream reaches, the pulse of suspended sediment
pertaining to the flushing was found to be clearly distinguishable by means of grain-size distribution,
even in the lower parts. Surveys were conducted at eight sites along the river downstream from the
dam both before and after the flushing such that the volumes of deposited or eroded material were
found. By use of the dry bulk density, the results could be calculated in tonnes, thus facilitating
comparison to the samplings of the hydrological stations along the river. A major factor in explaining
the amounts and distribution of deposits was shown to be the phase lag between water discharge and
suspended-sediment concentration peaks. The influence of this phase lag on the deposition and erosion
processes is illustrated by a schematic figure. A more detailed sediment budget is presented for the
reach between the hydrological stations c. 10 and 30 km downstream from the dam. It was found that
approximately 250 000 tonnes were deposited within the reach. Of these, 82% were channel-bed
deposits while 18% were deposited on the river banks.
This paper was published in Geografiska Annaler 81A(3), 1999, pp. 391-407. It can be downloaded from
http://dx.doi.org/10.1111/j.0435-3676.1999.00069.x or requested from the author through e-mail: sab@hig.se
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SEDIMENTOLOGICAL AND GEOMORPHOLOGICAL EFFECTS
IN THE CACHÍ RESERVOIR DURING FLUSHING
ABSTRACT
The Cachí Reservoir, Costa Rica, was echo sounded before and after the flushing in 1996. Sediments
were mainly eroded from the reservoir thalweg, i.e. the old river channel. Some contributions came
from local depressions situated above the thalweg while eroded the amount from terraces was small.
In the longitudinal direction, the largest depths eroded were found close to the dam and far upstream
from the dam, with smaller depths eroded in the reach between. The erosion patterns, both transverse
and longitudinal, can be explained if the depositional patterns, including the occurrences of density
currents, are taken into consideration.

9.1 RESULTS FROM EARLIER STUDIES
In 1990 a major investigation of sedimentation processes and effects of flushing in the Cachí
Reservoir, was carried out by Department of Physical Geography at Uppsala University, Sweden, and
Instituto Costarricense de Electricidad, Costa Rica (Jansson and Rodríguez, 1992). The following text
summarizes some of their findings during the investigation. Ramírez et al. (1992) concluded that
between 4 and 6 million m3 of material, ca 10 m thick, were deposited in the central and lower parts
of the upper reservoir basin (Fig. 1), between the years 1966 and 1990, yielding a sedimentation rate
of approximately 200,000 m3 year-1 . Probably this rate has reduced during more recent years (Ramírez
et al., 1992). By placing out sedimentation plates in the reservoir, they found that about 1 million m3
had accumulated on the terraces, surrounding the old river channel, between the years 1966 and 1985
(Ramírez et al., 1992). This gives a sedimentation rate of about 55,000 m3 year-1 . They also
investigated the grain sizes of the deposited material on the terraces. In 1983, the average median grain
size in the upper reservoir basin was 0.070 mm, in the upper half of the main reservoir basin it was
0.059 mm, and in the lower half of the main basin it was only 0.015 mm. In 1990, Axelsson (1992)
found that the median grain size in the old river channel decreased from 0.054 mm in the upper
reservoir basin to about 0.004 mm close to the dam, with a minimum of about 0.001 mm at 1.2 km
upstream from the dam (Fig. 1). The decrease in grain size towards the dam could also be seen by
sonograph interpretation. Erlingsson (1992b) conducted a side-scan sonar survey and found that the
old river channel showed a darker appearance with increased downstream direction. He associated this
pattern to both decreases in grain size and wet bulk density. He also conducted echo-sounding surveys
and estimated that, during the 1990 flushing, 300,000 tonnes had been eroded from the main reservoir
basin and another 50,000 to 100,000 tonnes from the upper basin (Erlingsson, 1992a).

Figure 1. The Cachí
Reservoir with the echosounded cross sections.
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Sundborg (1992) stated that the conditions for development of density or turbidity currents in the
Cachí Reservoir are very favorable. According to Axelsson (1967), a density difference between
inflowing water and reservoir water as small as 0.0003 may be sufficient for the inflowing flow to
form a density current. Evidence for density currents in the Cachí Reservoir has been noted in the
field, where a sufficient density difference normally is created by difference in temperature or
sediment concentration (Sundborg and Jansson, 1992). Sundborg (1992) believes that about 80 to 90%
of the deposition comes from turbidity currents, in the thalweg, i.e. the old river channel, and that
considerable masses of loose deposits should be expected close to the dam.

9.2 CROSS-SECTIONAL CHANGES
Cross-sectional changes due to the flushing are shown for all surveyed cross sections, in Figures 2 to
8 (Views are toward the dam; see Fig. 1 for locations in the reservoir). It should be noted that distances
are given as distance of old river channel from the dam, upper storage level of the reservoir is 990 m
a.s.l., water level at 19 September was 983 m a.s.l., and water level at 25 October was 989 m a.s.l.
Cross section ICE-2 is located 0.12 km upstream from the dam where the reservoir is narrow and the
banks are steep (Fig. 2). All material eroded comes from the old river channel, with a mean erosion
depth of 2.39 m. No erosion could be detected on the terrace. If any erosion occurred there, the
amounts were so small that the resolution of the echo sounder was too small to detect any differences.
Cross section ICE-3 is located 0.36 km upstream from the dam (Fig. 3). The major part of the material
was eroded from the thalweg, 2.12 m, but apparently a small amount also had been eroded from the
depression situated 20 m above. This depression is actually sloping toward upstream, which may be
an explanation to why it shows so little erosion.

Figure 2. Cross section ICE-2 with bed
levels echo sounded before and after the
flushing.

Figure 3. Cross section ICE-3 with bed
levels echo sounded before and after the
flushing.
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Cross section S-2 is located 0.93 km upstream from the dam (Fig. 4). Here, the cross section is located
in a channel bend and it can also be seen that the thalweg has become wider. All material eroded from
the thalweg and from the inner-side bank. The mean erosion depth in the thalweg was 2.14 m. Cross
section ICE-11 is located 1.48 km upstream from the dam (Fig. 5). The width is about the same as for
section S-2, but the mean eroded depth in the thalweg has decreased significantly to 1.13 m. Erosion
of up to 1 m from local depressions was found at higher levels. Cross section S-1 is located 1.98 km
upstream from the dam (Fig. 6). The thalweg width is similar to sections ICE-11 and S-2, and the
eroded depth in the thalweg has decreased further to only 0.96 m. Only slight erosion was found in
one of the depressions situated above the thalweg.

Figure 4. Cross section S-2 with bed levels
echo sounded before and after the flushing.

Figure 5. Cross section ICE-11 with bed
levels echo sounded before and after the
flushing.

Figure 6. Cross section S-1 with bed levels
echo sounded before and after the flushing.
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Cross section ICE-22 is located in a channel bend, 2.75 km upstream from the dam (Fig. 7). The width
of thalweg is about one and a half times wider than the closest downstream sections. The mean depth
eroded in the thalweg was 1.90 m, i.e. slightly lower than the sections closest to dam, but much higher
than sections S-1 and ICE 11. Some erosion was found in local depressions situated above the
thalweg, but the most interesting effect of the flushing was significant deposition at the outer-side
bank. From air photos, taken when the reservoir was empty, it can be seen that rotational failures are
evident at this bend, and Erlingsson (1992a) noted that the area of this bend showed most extreme
erosion in 1990.

Figure 7. Cross section ICE-22 with bed
levels echo sounded before and after the
flushing. Note the rotational slide at the
outer-side bank.

Cross section ICE-24 is located 3.09 km upstream from the dam (Fig. 8). The thalweg width and the
eroded depth of thalweg are about the same as of section ICE-22. From the survey, it can be seen that
some erosion has occurred on the terraces above the thalweg. Due to the long distance measured, the
measurements may be slightly distorted, but if they are correct, this may indicate that some sheet
erosion takes place during flushing.

Figure 8. Cross section ICE-24 with bed
levels echo sounded before and after the
flushing.

9.3 LONGITUDINAL CHANGES
The longitudinal distribution of volume removed material and increased cross-sectional area, due to
the flushing, is shown in Figure 9. The area eroded from the whole cross section is larger than the area
eroded from the thalweg for all cross sections except ICE-22, at 2.75 km upstream from the dam,
where a slide had occurred (Fig. 9). When comparing the amount removed with flushed-out material
in the downstream reaches, account must be taken for only the lower half of the reservoir, i.e. half of
the 6.5 km long thalweg, being echo sounded. For the 1990 flushing, Erlingsson (1992a) estimated
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that about 50,000 to 100,000 tonnes
were removed from the upper basin
and about 300,000 tonnes in the main
reservoir
basin.
In
1990
approximately 650,000 tonnes of
suspended material passed El Congo
hydrological station (Jansson 1992).
Axelsson (1992) found the reservoir
thalweg deposits to have a dry bulk
density of 0.4 t m-3. Using this value
for 1996, the eroded deposits in the
Figure 9. Cumulative volume removed [m3] and increases in cross- lower half of the reservoir have a
sectional area [m2] for thalweg and whole cross section.
mass of 160,000 tonnes. In Chapter
8, it can be seen that approximately 850,000 tonnes of suspended material passed the El Congo
hydrological station. To this should be added the transported bed load and deposited material in the
uppermost 10 km of the downstream river. Clearly some disagreement between the mass removed and
the load transported in the downstream river exists for both 1990 and 1996. Either is the amount
removed from the upper reservoir basin much higher than has previously been estimated or is the dry
bulk density of thalweg deposits incorrect, since the measured sediment loads in the river must be
considered the most reliable of the measurements (Morris and Fan, 1997).
In Figure 10, the eroded depth in
thalweg, thalweg width, and area
eroded in thalweg for each cross
section are shown. The area eroded in
the thalweg clearly follows the same
pattern as the curve for thalweg
width. More interesting is the curve
of eroded depth in thalweg. Starting
from upstream, the eroded depth
follows the curve of thalweg width.
This can be expected since
deposition, and by that also erosion
Figure 10. Depth of erosion in thalweg [m], thalweg width [m], and
of the deposits, can be considered as
increase in cross-sectional area [m2] for thalweg.
a function of thalweg width. When
the thalweg width is decreased, the density currents, which are responsible for most of the deposition
in the main reservoir basin, will contract and increase their velocity and sediment carrying capacity,
and decrease the amount material deposited. However, this is not so for the 500 m closest to the dam,
wherefore a minimum of eroded depth can be found at 2 km upstream from the dam. The reasons for
this have been discussed in Chapter 8, but can be summarized as follows. The coarsest material settles
in the upper reservoir basin. Density currents transport and continuously deposit the finer material far
downstream in the reservoir. A large amount of the fine material in the currents will reach all the way
to the dam. When the density current reaches the dam construction, the current cannot hold the
material and it will settle in front of the dam (see Chapter 8). Therefore, material is deposited with
large depths close to the dam, that can easily be removed by a flushing, although the thalweg width
is small.

9.4 SCHEMATIC ILLUSTRATIONS OF PROCESSES
If density currents are formed, three options of deposition exist. If there is sufficient flow through the
reservoir, they may completely survive and no deposition will occur. If the flow is weaker, some
material will deposit and some may be released to the downstream reaches. Finally, if the flow is
insignificant, all material will deposit. If the density current reaches as far as the dam and no flow is
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released, a muddy lake will be formed (Bell, 1942). Later density currents will form interflows
between the surface of the muddy lake and the clear water impounded above, and by that increasing
the depth of the muddy lake (Bell, 1942). Upstream from the muddy lake, the material the density
current cannot transport is deposited (Fig. 11).

Figure 11. Different types of reservoir
deposits.

Different depositional patterns for different flow situations and the associated eroded depths are shown
in Figure 12. As the Cachí Reservoir can be associated with density currents, carrying also coarse
material, and fluctuating water level, depending on electricity generation demands, some conclusions
can be drawn. The fine material will settle close to the dam, wherefrom desiltation by means of
flushing should be easy, unless flushings occur too infrequently. If so, deposition will then occur on
the river terraces above the thalweg where later flushings have little effect. If density-current flow
magnitudes are significant, also some of the coarse material will settle in the downstream parts of the
reservoir. The coarsest material will undoubtedly deposit in the upstream reaches, i.e. the upper
reservoir basin, which will serve as a large settling basin. These deposits may be more difficult to
remove by flushing than the lower deposits, why an aggradation can be expected. However, when
water level is drawn down, the deposits should be easy to access. Mechanical excavation of the fairly
good sorted sand and gravel deposits may then be an option.

Figure 12. Different depositional patterns and associated eroded depths during flushing.

9.5 CONCLUSIONS
Due to technical problems, the whole reservoir was not echo sounded, but it can be readily concluded
that most material is eroded from the thalweg, i.e. the old river channel. The terraces are essentially
unaffected by the flushing, but some material is eroded from higher situated depressions in the terrain.
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Due to the erosion of thalweg sediments, the lower parts of the reservoir will be kept almost in predam conditions. Because of this, density currents will continue to follow the thalweg and the
possibility of dissipation, and deposition of material on the terraces, will be kept low. However, if
flushing is not done, filling of the thalweg will occur and the material will deposit on the terraces.
When this occurs, much greater effort will be needed to clear the terraces from sediment than to
regularly flush the sediments out from the thalweg. The longitudinal erosion pattern can be described
if existing density currents are considered. The resulting geomorphology then closely follows the
depositional pattern.
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FLOW CHARACTERISTICS IN THE REVENTAZÓN RIVER
DURING FLUSHING OF THE CACHÍ RESERVOIR
ABSTRACT
An analysis has been made on water flow and sediment transport in the Reventazón River during
flushing of the Cachí Reservoir, Costa Rica. The suspended-sediment concentration peak and grain
sizes, during the peak, decrease with increased distance from the Cachí Dam. Due to different travel
velocities of water and sediment, a phase lag exists between the peaks of water and sediment. This
phase lag increases with increased distance from the dam. Due to the phase lag, channel-bed sediments
will be eroded before the sediment peak arrives, deposited during the peak and mainly transported
after the peak. The grain size-distributions of the suspended sediment, changes in a complicated
pattern, but can be explained if water flow, sediment concentration, river slope, erosion of sediments
from the bed, and upstream depositional environments are considered.

10.1 FLOW AND SEDIMENTATION CHARACTERISTICS AT HYPERCONCENTRATED FLOW
During flushing of reservoirs, the released flow will have concentrations much higher than is
considered normal. Therefore will also the characteristics of the flow differ from normal flows. Van
Rijn (1983) stated that the presence of a large amount of sediment particles reduces the effective
mixing length scale, and hence fluid diffusivity, while the viscosity of the fluid-sediment mixture is
increased resulting in dampening of the turbulence. Such effects will modify the flow velocity,
sediment settling velocity, and sediment concentration profiles (Van Rijn, 1983). The reader is
directed to the works by Van Rijn (1983), Wan and Wang (1994), and Yang et al. (1996) for
comprehensive descriptions on the physical behaviour of hyperconcentrated flows.
When the flushed-out sediments from a flushing are deposited, the bed material will change
composition and affect the flow differently from that of the original bed material. Simons et al. (1979)
performed flume experiments which can readily be compared to effects from flushing operations in
the Reventazón River. They introduced fine-grained sediment to the flow over a cobble bed, and
noticed that when material deposited, roughness decreased significantly as did flow depth. Therefore,
when a sand wave passes by, stage-discharge relationships are no longer valid. A better estimate of
the water discharge, when a sand bed is present, can be found from the product of the water discharge,
calculated from the original stage-discharge rating curve, and the ratio of Manning’s roughness
coefficient of original gravel bed to deposited sand bed. Furthermore, due to cobble and boulder bed
rivers generally being relatively steeper than sand-bed rivers, they pointed out that if cobble and
boulder beds are temporarily transporting sand and fine gravels, the flow would undoubtedly be in
upper regime.

10.2 FLOW CHARACTERISTICS DURING FLUSHING OF THE CACHÍ RESERVOIR
Water discharge and suspended-sediment concentration, and grain-size data from both 1993 and 1996
have been analyzed in this work. By using data from a larger data set of more than one year, there
should be an increased probability of drawing correct conclusions. It should be noted that the
expression ppm for transported sediment load, here is equal to one million times the sediment mass
divided by the sample volume, i.e. mg L-1.

10.2.1 General flow changes in the longitudinal direction
Figure 1 shows the maximum water discharge, maximum suspended-sediment concentration, median
grain size and percentage of grain-size fractions at maximum concentration, plotted against distance
from the dam. The magnitudes of water discharge and, especially, sediment concentration differ
between 1993 and 1996, implying that the conditions of flushing vary from year to year. There is an
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obvious decrease in sediment concentration and grain size with increased distance from the dam. The
peak of water discharge initially decreases in the downstream direction, but increases at some distance
downstream. This is due to dissipation of the water peak, with downstream distance, to that point
where the river base flow is so large that the decrease cannot be noted. The peak discharge is probably
at its lowest somewhere in the reach around the Atirro River confluence (see Fig. 1 in Chapter 7).

Figure 1. Maximum water discharge [m3 s-1], maximum suspended-sediment concentration [ppm], and median grain
size [mm] and percentage of grain-size fractions of suspended sediment at maximum concentration, at El Congo (10
km), Angostura (30 km), Guayabo (41 km), Siquirres (70 km), and Hamburgo (93 km) hydrological stations.

10.2.2 Flow changes with time at a station
Water discharge, sediment concentration, and suspended-sediment load are plotted against time for
all hydrological stations in Figures 2 and 3. From these figures, as well as the flow diagrams from the
years 1988, 1989, and 1990, included in Jansson’s (1992) study on transported loads during flushing,
the mentioned patterns in Section 10.2.1 can be seen. Also clear is that all peaks elongate in time and
that the time difference between the water-discharge peak and the sediment-concentration peak
increases, with increased distance. A thorough discussion on the implications of this phase lag is
included in Chapter 8, with a definition of the different flow phases in the reaches downstream from
the dam during flushing. Note that only the water and sediment peaks pertaining to the flushing have
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Figure 2. Water discharge [m3 s-1], suspended-sediment concentration [ppm], and suspended-sediment load
[t s-1], at El Congo, Angostura, Guayabo, and Siquirres hydrological stations during the flushing in 1993.
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Figure 3. Water discharge [m3 s-1], suspended-sediment concentration [ppm], and suspended-sediment load [t s-1 ],
at El Congo, Angostura, and Siquirres hydrological stations during the flushing in 1996.

a time lag. Other peaks occur simultaneously, implying that the transported sediment has been
suspended by rain-induced flows. The transported load follows the pattern of sediment concentration,
but in the reaches close to the dam, it is greatly influenced by the water discharge. It should be pointed
out here, that trying to calculate the sediment transport using conventional sediment transport formulas
will lead to poor results, because they are based on a dependence of sediment concentration on water
discharge or water velocity. However, since flushing can be considered as a point-source injection of
172

Flow characteristics in the Reventazón River during flushing

sediment released at the dam, the phase lag between the water and sediment must be taken into
account. Furthermore, due to the high concentration, the transport capacity may be more than fully
utilized, wherefore deposition of sediment takes place. The grain-size composition and roughness of
the bed will then change, probably toward finer, changing the stage-discharge relationships and by that
making an estimate of sediment transport even more difficult.
In Figures 4 and 5, hysteresis loops for water discharge and suspended-sediment concentration are
shown. All loops show an anti-clockwise pattern, which is the opposite to the often occurring
clockwise pattern in natural rivers. Clockwise, or positive hysteresis, occurs when discharge increases
and sediment is eroded locally from the channel bed. The sediment, deposited during the falling stage
of a previous event, is easily entrained and is depleted often before the discharge peak passes. During
flushing, however, the sediment is not eroded locally. As mentioned above, it can be regarded as a
point-source introduction of sediment that will lag behind the water discharge. From the figures it can
also be seen that in the upper parts of the river, the loop pattern is square shaped, mainly due to the
square-shaped appearance of the hydrograph. With downstream distance, the water-discharge peak
will dissipate and the loop pattern has a more triangular shape (Figs 4 and 5).

Figure 4. Hysteresis loops for water
discharge, or water level, and suspendedsediment concentration at the hydrological
stations El Congo, Angostura, Guayabo,
and Siquirres, in 1993.

Figure 5. Hysteresis loops for water
discharge
and
suspended-sediment
concentration at the hydrological stations
El Congo, Angostura, and Siquirres, in
1996.
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10.2.3 Changes of suspended-sediment characteristics with time at a station
The grain-size distribution of the suspended material may at first sight seem chaotic. However, when
plotting the percentages of grain-size fractions in a diagram together with water discharge and
sediment concentration (Figs 6 to 9, see also Appendix B), some conclusions can be drawn. Most of
the data from 1993 are clearly better and more comprehensive than the data from 1996, so the 1993
data has been used for the El Congo, Angostura, and Guayabo stations, together with data from the
Siquirres station in 1996. The data from 1996, at the three first mentioned stations, and from 1993 at
Siquirres, suffers from too few observations for a more detailed analysis, but may serve as a check.
At the most upstream hydrological station El Congo (10 km downstream from the dam), evidently the
flushing flow does not transport coarser particles than fine gravel, to any greater extent (Fig. 6). The
coarser material flushed out, if any, must already have been deposited in the upstream reaches or is
transported as bedload. From the figure it can be seen that the coarsest sediment is transported at the
time of the sediment-concentration peak. How can that be? The explanation may be that before the
sediment-concentration peak arrives, there is high water discharge and not fully utilized sedimenttransport capacity of flow. Erosion of all available sediment from the river bed will occur. Then, the
river bed and banks obviously had some material, mainly coarse silt, available for erosion. Also
possible is that in the beginning of the flushing, only fine-grained material, deposited close to the dam
in the reservoir is eroded, which with time will get coarser as material from farther upstream is eroded.
At the time of the sediment-concentration peak, the water discharge is still high, so most of the
material released from the reservoir can be transported. The grain-size distribution therefore shifts
towards coarser due to the released sediments from the reservoir being coarser than the eroded
sediments from the bed and banks and the first eroded sediments from the vicinity of the dam. After
the sediment-concentration peak, the water discharge is lowered dramatically. The lower discharge
cannot keep the coarser material in suspension, wherefore it deposits in the upstream reaches, leaving
only finer material in the flow. With time the grain sizes increase, probably due to erosion of deposited
material, from upstream, and erosion of coarser material from the upper parts of the reservoir.
At Angostura (Fig 7), the pattern is completely reversed. Here the material is finer during the
sediment-concentration peak. To understand why, the river geomorphology must considered.
Angostura is situated a couple of kilometers below the marked knickpoint in slope, at approximately
28 km downstream from the Cachí Dam (see Figs 12 and 13 in Chapter 7). Most of the coarse flushing
material has been deposited in the flatter reaches upstream from Angostura, and due to the increased
slope and more concentrated flow below the knickpoint, all remaining material can be kept in
suspension. Before the sediment-concentration peak arrives, the material consists of coarse silt, as at
El Congo. When the sediment concentration increases rapidly and the water discharge is still high,
slightly coarser material is transported. This is the coarse-material remnant of the sediment peak in
El Congo. It has survived due to the high water discharge and high sediment concentration. The next
sample is clearly finer in grain size, because of the much lower water discharge which cannot keep the
coarse material in suspension. With time the material gets coarser again as at El Congo.
Some ten kilometers downstream from Angostura is the Guayabo hydrological station (Fig. 8). The
grain-size distribution pattern is very similar to that of Angostura. Coarser material is transported
during the rain-induced peaks than during the flushing-induced sediment-concentration peak, implying
that reerosion of material from upstream take place. An interesting detail is the relatively coarser
material, transported at the time of the sediment-concentration peak, which is not present at Angostura.
This is more difficult to explain, but may be due to the greater abrasive effect during the sediment
concentration peak when the flow is denser, giving erosion of coarser material. Why then is not
Angostura showing the same pattern? Maybe because the flow almost always has an over sedimenttransporting capacity, due to deposition of material above the knickpoint in slope on the flat plain, a
couple of kilometers upstream, and therefore already has eroded the loose material available on the
river bed before the sediment-concentration peak arrives.
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Figure 6. Percentages of grain-size fractions, water discharge [m3 s-1] (solid line), and suspended-sediment
concentration [ppm] (dashed line), at El Congo hydrological station during the flushing in 1993.

Figure 7. Percentages of grain-size fractions, water discharge [m3 s-1] (solid line), and suspended-sediment
concentration [ppm] (dashed line), at Angostura hydrological station during the flushing in 1993.

Figure 8. Percentages of grain-size fractions, water discharge [m3 s-1] (solid line), and suspended-sediment
concentration [ppm] (dashed line), at Guayabo hydrological station during the flushing in 1993.
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For Siquirres (Fig. 9), the temporary and most downstream of the hydrological stations (70 km), the
year 1996 has been chosen for analysis due to few observations in 1993. However, this should not
have any major influence on the results. At Siquirres the water-discharge peak and sedimentconcentration peak are almost completely separated in time, wherefore the grain-size distribution
pattern will differ from the above stations. When the water-discharge peak arrives, relatively coarsegrained channel-bed and bank sediments will be eroded and transported. Due to sediment depletion,
the concentration soon declines. When the sediment-concentration peak arrives, the grain size shifts
to markedly finer, and after the concentration peak, the transported material gets coarser again. This
behaviour can be seen as a sediment pulse of fine-grained material, pertaining to the flushing, flowing
in a reach where the background grain-sizes are relatively coarser. With time, the material probably
will get coarser, as at the upstream stations, due to erosion of deposited sediment during rain falls.

Figure 9. Percentages of grain-size fractions, water discharge [m3 s-1] (solid line), and suspended-sediment
concentration [ppm] (dashed line), at Siquirres temporary hydrological station during the flushing in 1996.

10.3 CONCLUSIONS
The suspended-sediment concentration peak and its grain size, decrease with increased distance from
the dam. The water-discharge peak first decreases and later increases with downstream distance, due
to addition of water from tributaries. The peaks dissipate with increased distance, why they will appear
wider on a graph the farther the distance from the dam. Due to different velocities of the water and
sediment, a phase lag will exist, that increases with increased distance from the dam. The phase lag
will cause anti-clockwise hysteresis loops, which can be seen when sediment concentration is plotted
against water discharge. It may also cause erosion of sediments from the river bed before the sedimentconcentration peak arrives, and deposition of sediment during the peak. After the peak, sediment will
mainly be transported without erosion nor deposition.
It is clear that most material deposits during the rapidly falling stage of water discharge, if the
sediment peak does not lag too far behind. The grain-size distribution of the transported sediment
follows a complicated pattern. Upstream from the knickpoint in slope, the grains during the sedimentconcentration peak are coarser than both before and after the peak. During the falling stage at El
Congo, it is mainly medium sand that is deposited or becomes transported as bedload. Farther
downstream, no medium sand is left in suspension, wherefore fine sand is deposited or becomes
transported as bedload. Downstream from the knickpoint, grains are finer during the sedimentconcentration peak than both before and after. Any coarser material downstream from the knickpoint
must originate from the river bed and banks and are eroded by the flushing flow. The patterns can be
explained if water flow, sediment concentration, river slope, erosion of sediments from the bed, and
upstream depositional environments are considered.
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SEDIMENTOLOGICAL AND GEOMORPHOLOGICAL EFFECTS
IN THE REVENTAZÓN RIVER DURING FLUSHING OF THE
CACHÍ RESERVOIR
ABSTRACT
River-bank deposits were investigated in the Reventazón River, Costa Rica, during flushing of the
Cachí Reservoir. Evidence for erosion of the existing channel bed and banks was found. The flushedout material was later deposited on the eroded surfaces as flat beds, preferably in local depressions in
the terrain. With increased distance from the dam, the deposited amounts, depths and grain sizes on
the banks, decrease. The decreasing amounts and grain sizes can be explained by selective deposition.
The erosion-to-deposition succession and the decreased depths of bank deposits can be attributed to
the existing phase lag between water and transported sediment. Below a knickpoint in slope, the depth
and grain-size distribution patterns change abruptly, but can be explained if the flow, river gradient,
and channel-planform pattern are considered.

11.1 AT-A-STATION DOWNSTREAM EFFECTS
The reach downstream from the Cachí Reservoir was studied according to depth and grain-size
characteristics of the deposited flushed-out material. Observations were made at eight investigation
sites, Figures 1 to 19, and several sampling sites, Figures 22 to 30 in Appendix C, along the river (see
also Fig. 14 in Chapter 7 and Table 1 in Appendix D). No biological effects are treated in this study.
However, since the sediment concentrations in the released flow are extremely high, the biota is
affected. The existing literature on biological effects in connection with flushings has been reviewed
in Chapter 5, but the reader is also directed to Newcombe and MacDonald’s (1991) review on the
effects of suspended sediments on fish, invertebrates, and algae.

11.1.1 Cross-sectional depth distribution
Several cross sections were measured on the channel banks at all investigation sites, except the
lowermost, (see Section 8.4.3 for a definition of bed and banks). Of them 10 showed a depositional
pattern of thicker deposits towards the channel, 5 showed no direction, and 6 showed thicker deposits
away from the channel. Probably local irregularities in the channel form are important for the resulting
depositional pattern. In Figures 1 to 19 are all, but the lowermost, investigation sites shown before and
after flushing as well as the cross sections with bank levels before and after the flushing. Location of
the cross sections can be found in Figures 1 to 7 in Appendix C. The surveyed channel-bank areas are
limited by the water on one of the sides and terrain unaffected by the flushing on the other side. As
can be expected, heavier deposition generally occurs in local depressions, and less deposition, or even
erosion, occurs where the bank level is raised. This pattern can also be seen in the two- and threedimensional maps of all investigation sites shown in Appendix C.

Figure 1. Downstream views of of Fajardo investigation site before and after flushing.
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Figure 2. Measured cross sections
before and after flushing at Fajardo
investigation site.

Figure 3. Upstream views of planta Birrís investigation site before and after the flushing (left photo by J. Swenning).
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Figure 4. Measured cross sections
A and B before and after flushing at
Planta Birrís investigation site.
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Figure 5. Measured cross sections
C and D before and after flushing at
Planta Birrís investigation site.
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Figure 6. Upstream views of Planta Cachí investigation site before and after flushing.
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Figure 7. Measured cross sections
A and B before and after flushing at
Planta Cachí investigation site.
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Figure 8. Measured cross section C
before and after flushing at Planta
Cachí investigation site.
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Figure 9. Downstream views of Joyas investigation site before and after flushing.
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Figure 10. Measured cross sections
A and B before and after flushing at
Joyas investigation site.

Figure 11. Measured cross section
C before and after flushing at Joyas
investigation site.

Figure 12. Downstream views of Planta Florencia investigation site before and after flushing.
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Figure 13. Measured cross sections
before and after flushing at Planta
Florencia investigation site.

Figure 14. Upstream views of Casa Turire investigation site before and after flushing.
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Figure 15. Measured cross sections
A and B before and after flushing at
Casa Turire investigation site.
Because the area around the two
peaks was unaffected by the
flushing, the peaks suffer from few
measuring points.
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Figure 16. Measured cross section
C before and after flushing at Casa
Turire investigation site.
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Figure 17. Downstream view of Peralta investigation site before flushing, left (photo by J. Swenning). Same area after
the flushing viewed from the river, right.
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Figure 18. Measured cross sections
A and B before and after flushing at
Peralta investigation site.
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Figure 19. Measured cross section
C before and after flushing at
Peralta investigation site.

11.1.2 Characteristics of deposited sediments
To allow study of the spatial distribution, several grain-size samples were taken at the investigation
sites. When material is deposited as overbank deposits, generally the grain sizes become finer with
increasing distance from the river (see for example Guccione, 1993). However, as mentioned in
Section 8.4.3, no overbank flow occurs during flushing, wherefore the distributional pattern can be
expected to differ from those of overbank deposits. When plotting deposited channel-bank grain size
against distance from water or height above water level, no general conclusions can be drawn. Grain
sizes, as well as sorting, skewness, and kurtosis, defined according to Folk and Ward (1957) (see
Table 2 in Appendix D), show no trend with increased distance nor height. However, when grain size
is related to the deposited thickness where the sample is taken, better agreement is achieved (Table
1).
Table 1. Correlation between grain size of deposited material and distance from water, level of
deposits, and depth of deposits for all of the samples taken in cross sections.
D50 and Distance from water
D50 and Level of deposit
D50 and Thickness of deposit

No. of obs.
33
33
32

% positive correlation
42
45
56

% negative correlation
39
39
34

The relatively stronger correlation between grain size and thickness of deposits may be explained by
depositional environments. If the conditions are such that the transporting capacity of the flow will
decrease, not only will the thickness of the deposits increase, but also finer-grained material will settle
out. Of the samples where the correlation between grain size and thickness was not positive, eight
showed positive correlation between both level and distance to grain size, while the remaining six can
be related to local disturbances, such as blocky terrain, exposed locations, etc. The somewhat
randomly distributed deposited material’s grain sizes must therefore, if any conclusions at all should
be drawn on the meagre statistics, be due to nonuniform flow in the channel because of irregularities
in the river bed and banks. Note also that the positive correlation only is valid at-a-station and not if
the whole river reach downstream from the dam is considered (Fig. 16 in Appendix D).
Some samples were taken to see changes of the vertical distribution of grain-size characteristics (Fig.
20). Sorting, skewness, and kurtosis were calculated from the grain-size distribution curves. These
parameters may aid to correlate correctly the deposited material to the deposition processes during
flushing. At the Fajardo investigation site (2 km downstream from the dam), grain size, sorting values
and kurtosis increase with increased depth while skewness decreases with increased depth. At Planta
Cachí (11 km), grain size and skewness first increase and later decrease with increased depth, sorting
values and kurtosis increase with increased depth. The lowermost station where vertical samples were
taken was Casa Turire (27 km), where grain size and sorting values increase with increased depth,
while skewness and kurtosis decrease with increased depth.
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Figure
20.
Vertical
distribution of grain size,
sorting, skewness, and
kurtosis at the investigation
sites Fajardo, Planta Cachí,
and Casa Turire. Note that
the material becomes
coarser and better sorted the
lower the values.

At Fajardo, both samples are taken from layers of deposited material from the flushing. During the last
phase of deposition, finer-grained material apparently has been deposited. This can be attributed to
decreasing water discharges after the water and sediment concentration peaks, allowing for finegrained sediment to deposit. The material is moderately well sorted and mesokurtic at the surface but
only poorly sorted and leptokurtic at 0.3 m depth. The skewness varies little, where both samples are
symmetrical. This means that although the sorting is better at the surface the tails are wider at the
surface than at 0.3 m depth. The better sorting at the surface may be due to later reworking of material
deposited during the high sediment-concentration phase of the flow.
At Planta Cachí, two transects were dug, both showing similar characteristics. Here it should be noted
that the lowermost samples, at depths of 0.3 and 0.35 m, respectively, differ from the layers above.
While the material in the upper layers was gray-colored sand, the material in the lowermost layer was
brown-colored sand. This indicates that the lowermost samples contain pre-flushing material. This is
also confirmed by the sediment characteristics analysis. The finer grain sizes at the surface can be
explained in the same way as for Fajardo, and the finer grain sizes at greater depths must be attributed
to previously deposited material. Unfortunately, no sample was taken before the flushing at this site.
However, when looking at samples taken from neighboring sites, the grain size should have been
approximately 0.5 Φ. If this figure is correct, infiltration of material from the flushing must have
occurred in appreciable amounts to be able to change the grain-size distribution. Even if the deposited
material soon is flushed downstream by later flows, infiltration of fine-grained material in the previous
deposits may lead to problems for spawning and for juvenile fish. The deposited material becomes
better sorted toward the surface and the kurtosis change from being very leptokurtic at the lowermost
layer to mesokurtic or leptocurtic at the surface, all to agree with the Fajardo site. The skewness
follows inversely the pattern of grain size, i.e. being symmetrical or positive (with a tail of fine
sediment) at the surface, positive or very positive at 0.2 m depth, and slightly positive or positive at
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depths of the pre-flushing material. The decreased fine-material tails at the surface may be attributed
to erosion of only the fine material by later flows.
At the Casa Turire investigation site, two samples in one transect were taken. The lower sample has
a red-brown color and differs, as at Planta Cachí, from the upper one which has a gray color.
Therefore, also this lower sample can be attributed to pre-flushing conditions. Seeing how the
characteristics of the deposited material, from the flushing, change with depth is not possible. As
opposite to the Planta Cachí site, no infiltration of fine-grained material is evident since the preflushing grain size is finer than the grain size of the lower layer after flushing.

11.2 LONGITUDINAL DISTRIBUTION OF DOWNSTREAM EFFECTS
11.2.1 Depth distribution of bank deposits
Mean deposition on the banks was measured at each
investigation site by several means. The first, and the best,
method used several hundreds of measuring points at each site,
both before and after the flushing. The second method,
mainly used as a check for the big survey, used about 9 metal
rods at each site, where the differences in banklevel were
measured before and after the flushing. A third method, to get
an idea of the erosional processes, used metal chains attached
to the metal rods (Fig. 21). If no erosion occurs, the chain will
be found at the same level as the pre-flushing surface, but if
erosion occurs, the chain will be found at a lower level than
the pre-flushing surface, even if heavy deposits cover the
chain. In Figure 22, the deposition and erosion are plotted
against distance from the dam. As an extra check to the
deposition measurements, two additional sites were equipped
with metal rods besides the investigation sites.
A general decrease in deposition with increased distance from
the dam down to the Casa Turire investigation site at 27.25 km
was observed (Fig. 22). The decrease can also be seen in Figure 21. Illustration of the use of chains
for detecting erosion. The banklevel before
Figures 1 to 19 in this chapter and Figures 22 to 30 in
flushing can be seen at the white marker
Appendix C. This decrease can be attributed to decreasing (photo by J. Swenning).
overloading of the flow, due to deposition, with increased
distance, but also to the increasing phase lag between water and sediment-concentration peaks. The
implications of the phase lag on river-bank deposition has been thoroughly discussed in Chapter 8.
Interesting are the values at the Fajardo investigation site, 2 km downstream from the dam. They show
a smaller depth than the downstream situated site, Planta Birrís (Fig. 22). Also here may the phase-lag
explain the result. Right at the dam, the sediments during the sediment-concentration peak is carried
by the highest water discharges. These high discharges, capable of eroding the material from the
reservoir, can keep the material in suspension easier than the flow some kilometers downstream, when
the peaks are separated in time. However, due to the extreme concentrations close to the dam, much
material will fall out at 2 km anyway.
Downstream from the Casa Turire investigation site, the additional station at 41 km show erosion, but
just 4 km farther downstream, material is again deposited. As mention in Section 8.5.3, the river
gradient becomes several times steeper downstream from Casa Turire, wherefore practically no
sediment from the flushing will deposit in the lower reaches down to approximately 80 km, where the
slope is less steep than in the flat area around 25 km (see Figure 13 in Chapter 7). If the flow can
transport the flushed-out material beyond the knickpoint in slope, it probably can transport the material
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Figure 22. Mean deposition and erosion at all investigation sites and complementary stations.

down to where the slope becomes less than at the knickpoint. The increase in depth at 45 km must
therefore be due to deposition of material eroded from the channel bed and banks downstream from
the knickpoint. Based on the results from the chains, it can be readily concluded that the flow from
the flushing first will erode previous deposits and later deposit new material from the reservoir,
probably at all places down the river. This behaviour, due to the phase lag, has also been discussed
in Chapter 8 and in Section 10.2.3.
A remark must be made about the results from the metal rods. Though they were firmly attached into
the ground with concrete, some of them were flushed away by the flow, accounting for the depth
calculations’ being based on fewer values. Furthermore, they were positioned where attaching them
into the ground was possible, i.e. they were always located in relatively soft soil, never on boulders,
etc. Although only a few points were used, almost always depositional depths larger than the surveys
of hundreds of points were measured.

11.2.2 Characteristics of deposited sediments
11.2.2.1 Distribution of grain size
The median grain size of the deposited material after flushing, decreases with increased distance from
the dam (Fig. 23). Both 1993 and 1996 years’ values have been plotted in Figure 23. They show a very
similar pattern, with the remark that the grain sizes generally are slightly larger for 1993, due to a
higher water discharge during flushing. Despite the general appearances of the curves, several values
deviate from the trend. As for the flow characteristics, it will be seen that the river morphology has
a great influence on the resulting deposits. The two most divergent values, from sites at 26 and 70 km,
can be explained by the fact that these two stations experienced pronounced channel migration
between 1993 and 1996. Also plotted in the figure are values from bank deposits present before the
flushing in 1996. It should be noted that these values are incorrect, in as far as only the fine-grained
material was analyzed although the bed and banks clearly showed both gravels and boulders. The
values therefore serve as an estimate of the finest material present prior to the flushing. Therefore, it
can readily be concluded that the deposited material from the flushing is of finer composition than the
existing deposits present prior to the flushing.
The change in grain sizes with increased distance from the dam can also be seen in Figure 24. In the
upper reaches, from the dam down to the Joyas investigation site (18 km downstream from the dam),
the material consists almost completely of sand, ranging from coarse sand close to the dam to fine sand
farther downstream. Below Joyas down to the Casa Turire investigation site (27 km), the deposited
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Figure 23. Median grain size of samples plotted against distance from the dam. At stations where many samples were
taken, the mean value of those samples has been used.

material is of coarse silt and fine sand (Fig. 24). The fining of grain sizes with increasing distance from
the dam in the upper reaches is clearly attributed to selective deposition. Due to the extreme
concentrations released at the dam, material will settle out from the flow, most probably with the
coarsest particles first. The finest material in the upper reach falls out in the most braided and flattest
area at approximately 20 km downstream from the dam (see Fig. 13 in Chapter 7). Farther
downstream, the flow becomes more confined until all braided channels merge at the Planta Florencia
investigation site (26 km). In 1993, the site at Planta Florencia showed a braided pattern, which
explains why the material then was found to be finer than the material in 1996. Right downstream
from the Planta Florencia investigation site is the Casa Turire investigation site. The material there is
slightly finer than that of the Planta Florencia (Fig. 24). This can be explained by the fact that this is
the only site where samples have been taken in a dry channel at the inner side of a curve of the main
channel, therefore having more calm sediment-settling conditions.

Figure 24. Grain-size classes of samples plotted against distance from the dam. At stations where many samples were
taken, the sample considered most representatively of the site has been used.
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Downstream from the Casa Turire investigation site, the deposited material shifts towards coarser (Fig.
23 and 24). This is explained by the increased slope after the flat area a few kilometers upstream (see
Fig. 13 in Chapter 7). Almost all material from the flushing, so coarse that it can deposit in this reach,
has already been deposited upstream from the flat area. What we find here, therefore, are deposits
eroded from channel-bed and bank material present prior to the flushing. As more material becomes
available for erosion from the bed and banks with downstream distance, introduced by tributaries,
deposition of finer grain sizes can take place. Due to diverging channels, even finer material can be
found at the site upstream from the Peralta investigation site (45 km). Farther downstream, at sites at
65 and 70.5 km downstream from the dam, finer material can again be observed due to braiding
channels. Coarser material is found at 75 and 80 km downstream from the dam, probably due to
sample points at the outside bend of channel curves. At 80 km it can also be due to confinement of
flow into one main channel, reducing the probability of sediment to deposit. After 80 km, the
deposited material gets finer once again (Figs 23 and 24). Because the slope below 83 km is smaller
than in the flat area at 25 km, deposition of flushed-out material, and not only redistribution of old
deposits, may occur for the first time after the knickpoint in slope. No samples were taken in the most
downstream reaches, but the deposited material can be expected to become finer closer to the coast,
because of decreased flow turbulence due to lower slopes.
An interesting pattern, showing the importance of the increased slope in the middle reaches of the
Reventazón River, can be seen when the grain sizes from the different sites are plotted against logged
values of distance from the dam (Fig. 25). Lines have been fitted to all the data from both 1993 and
1996 depending on location above or below the knickpoint in slope. It can be seen that the slope of
the line for samples taken upstream from 30 km is almost the same as the slope of the line for all
samples, but for samples taken downstream from 30 km the slope of the lines deviates markedly.
When extrapolating the latter slope to reaches above 30 km, the line crosses over pre-flushing values
of grain sizes at the lower end of the flat area. Therefore, the reach between the locations where the
fitted lines meet, probably have sediment of another population than the flushing, i.e. bed and bank
material present prior to the flushing.

Figure 25. Median grain size of samples plotted against distance from the dam. Fitted lines of data from both 1993
and 1996 are shown based on data from above 30 km downstream from the dam, below 30 km downstream from the
dam, and for the whole reach downstream from the dam. At stations where many samples were taken, the mean value
of those samples has been used.

11.2.2.2 Distribution of sorting
Values of sorting of the deposited sediment are plotted against distance from a dam in Figure 26. As
mentioned above, a comparison cannot in reality be made between the materials before and after
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flushing, because only the fine material was sampled before the flushing. However, it is interesting
to see that the curve of sorting after the flushing follows the curve before flushing in the reach from
the dam down to the Joyas investigation site (18 km). In the flat area, from Joyas down to 28 km, the
material after flushing is much more poorly sorted. After the knickpoint in slope, at 30 km, the
material is again better sorted, comparable with the pre-flushing material, but increases again with
increased distance from the dam. As for grain size, the site at 80 km differs from the neighboring sites.
Besides being taken at the outside of a bend, the sample value corresponds to an extrapolation of the
pre-flushing values, therefore suggesting that this sample may consist of pre-flushing material. This
is possible, because the thicknesses of the deposited layers in the lower reaches were very thin, just
a few millimeters, as compared with deposits in the upper reaches.
3.50
3.00
2.50
2.00
1.50
1.00
1996 After flushing

0.50

1996 Before flushing

0.00
Distance from dam (km)

Figure 26. Values of sorting
of samples plotted against
distance from the dam. At
stations
where
many
samples were taken, the
mean value of those samples
has been used. Note that the
lower the values the better
the sorting.

In the 20-km reach closest to the dam, the material first is poorly sorted, but after a short distance it
is moderately to moderately well sorted. This can be explained by the overloading, i.e. transporting
capacity is less than the imposed load, of flow when it leaves the reservoir. All grain sizes are then
subject to settling. After some distance, a more selective deposition will occur, leaving better sorted
material on the river banks. After 20 km, the slope reduces to about one fifth of the slope in the upper
reach in a very short distance (see Fig. 13 in Chapter 7). The material then settles more disorderly,
giving very poorly sorted deposits. Downstream from the knickpoint (below 30 km), the material
suddenly becomes moderately well sorted again, implying that the sampled material is not originating
from the reservoir. With increased distance, more and more material from the flushing will deposit,
giving more poorly sorted deposits, probably due to a mixture of flushed-out material, material eroded
from upstream channel beds and banks, and in situ deposits present at the sites.
11.2.2.3 Distribution of skewness
Skewness, which shows if the grain-size distribution of a sample shows a fine or a coarse tail, has been
plotted against distance in Figure 27. It can be seen that the material deposited after flushing is more
positively skewed, i.e. the fine tail is larger than the coarse tail, than the material sampled before
flushing. The skewness also increases down to the knickpoint in slope at 28 km, whereafter it
decreases significantly, just to increase again with increased distance from the dam. Also for skewness,
the site at 80 km shows a value close to an extrapolation of the pre-flushing curve, indicating that the
material may be of pre-flushing sediment.
In the upper reach (above 28 km), the increase in skewness probably can be attributed to the
conditions of overloading of flow. With increasing distance, the particles that are deposited become
progressively finer due to selective deposition (Fig. 23). Finer particles have a greater ability of
adhering even finer sediments to their surface, than do coarser particles, and when the flow is
hyperconcentrated, also the possibilities for collisions between particles to occur are great. Therefore,
fine material may deposit increasingly, adhered to the larger particles, with increased distance (Fig.
27), as opposite to normal low-concentration conditions where all fine material would be transported
far downstream.
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Figure 27. Values of
skewness of samples plotted
against distance from the
dam. At stations where
many samples were taken,
the mean value of those
samples has been used.
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At 30 km downstream from the dam (Fig. 27), the skewness of the deposited material is in size with
the pre-flushing material, suggesting that deposition of eroded material from the channel has taken
place. Farther downstream, the skewness of the material increases to a level equal to that of the flat
area, and after that varies according to local flow and sedimentary environment conditions.
11.2.2.4 Distribution of kurtosis
In Figure 28, kurtosis has been plotted against distance from the dam. The pattern of kurtosis is more
difficult to interpret, but changes in kurtosis are probably more sensitive to local flow conditions,
when the material is deposited, than are changes in sorting. However, in the uppermost reach, i.e.
above 16 km, kurtosis generally increases with distance. This is probably due to increased selectivity
in deposition, as discussed for sorting, because suspended-sediment concentration and overloading
decreases with downstream distance. In the flat area at around 20 km, kurtosis decreases as the
material becomes more poorly sorted (Fig. 28). Farther downstream, too few samples have been taken
to draw any reliable conclusions.
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Figure 28. Values of
kurtosis of samples plotted
against distance from the
dam. At stations where
many samples were taken,
the mean value of those
samples has been used.
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11.3 EFFECTS AT THE RIVER-SEA INTERFACE
No measurements were made at the river outlet. However, large amounts of sediment from the
flushing are, unquestionably, transported to the sea (Fig. 29). The material transported to the sea is
finer than the material found as deposits in the river reaches, and it probably originates from the
downstream parts of the reservoir. The flow reaching the sea may form a density current if sediment
concentration is sufficient. At Siquirres (see Fig. 1 in Chapter 7), maximum sediment concentration
was about 0.050 g cm -3 (see Fig. 3 in Chapter 10), yielding a density of 1.028 g cm-3 at 25°C. Since
the peak decreases with increased distance from the dam, also the density of flow will decrease. Say
that sediment concentration is 0.020 g cm-3 , then the density is 1.009 g cm-3 . If the water is colder than
25°C, larger density is obtained. These values have to be compared with densities of the sea. The
salinity of the sea is about 35‰, yielding a density of 1.023 g cm -3 at 25°C (Pickard and Emery, 1990).
If the flow density reaching the sea during the sediment-concentration peak is higher than the sea’s
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density, an underflowing current will probably form. However, since the peak concentration at
Siquirres does not exist for a long distance, the flow reaching the sea will have less density than the
sea, why an overflowing current will form. This overflow can be seen in Figure 29. After some
distance from the river mouth, the horizontal velocity of the overflow will decrease to zero and the
transported material will settle.

Figure 29. The Reventazón
River’s outlet in the
Caribbean Sea one week
after the flushing. Note the
palm in the lower middle of
the photo for scale.

Deposition of fine-grained material in concentrated pulses, may further add to the negative human
impacts on the reefs present along the Atlantic Coast of Costa Rica. If no longshore currents exist, the
flushed material will probably have limited effect, but if longshore currents are present, great areas
may be threatened.

11.4 CONCLUSIONS
The flushed-out material preferably deposits in low points in the terrain. From several sites, erosion
of old channel deposits was observed, before flushed-out material was deposited. This pattern can be
attributed to the existing phase lag between the water and the transported sediments (see Fig. 3 in
Chapter 10). The thickness of the deposited material on the channel banks decrease with increased
distance from the dam until the slope suddenly becomes steep. Also here can the phase lag explain the
deposition patterns, because the sediment will be transported at successively lower water levels with
increased distance from the dam. Downstream from the knickpoint in slope, the flushing flow erodes
material and deposits these farther downstream. Not until the flow enters the coastal plain, where the
slope is very small, can deposition of flushed-out material occur again. However, here river-bank
deposition is unlikely to occur because the water discharge is higher than in the upstream reaches,
giving reduced probability of deposition, and the water-discharge and the sediment-concentration
peaks are completely separated in time.
The deposited material from the flushing is finer than the material present on the bed and banks before
the flushing. At-a-station, the grain sizes of the deposits correlate best with the thickness of the
deposits. A general fining occurs with increased distance from the dam due to selective deposition,
but several exceptions exist. The grain-size distribution can be explained by examining the flow, river
gradient, and channel-planform pattern.
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CONCLUSIONS
The main objective was to contribute to the understanding of the active processes and resulting
geomorphology, in the reservoir and downstream reaches, during hydraulic flushing. Because
conclusions are provided in each chapter, only the main conclusions will be given here.

12.1 EROSION PATTERNS IN THE RESERVOIR
The eroded material during flushing comes mainly from the old river channel, i.e. the reservoir
thalweg. Some material comes from local depressions above the thalweg and only a small amount
comes from the terraces surrounding the thalweg. In the longitudinal direction, the largest erosion
depths were found close to the dam and farthest away from the dam. All patterns can be explained if
the depositional patterns, including those occurring from density currents, are taken into consideration.
See Chapters 8 and 9 for specific results.

12.2 FLOW CHARACTERISTICS
The released flow can be divided into two parts, namely water and sediment. Due to different travel
times, the released water peak will precede that of sediment. With increased distance from the dam,
the phase lag between water and sediment will increase. The existence of a phase lag will cause
erosion in the first part of the flushing wave, deposition during the sediment-concentration peak, and
mainly transport after the sediment-concentration peak. The amount transported suspended-sediment
decreases with increased distance from the dam due to selective deposition of coarse-grained material.
Because the flushing can be characterized as a point-source event, the resulting phase lag will cause
anti-clockwise hysteresis loops if sediment concentration is plotted against water discharge. The grainsize distribution both longitudinally and at-a-station changes in complicated patterns with time
according to sediment concentration, water flow, and not least, river gradient. See Chapters 8 and 10
for specific results.

12.3 AMOUNT MATERIAL DEPOSITED DOWNSTREAM FROM THE DAM
With increased distance the amounts deposited decrease. Close to the reservoir, the flow is overloaded
with sediment wherefore heavy deposition occurs. With increased distance, the transport capacity of
the flow and the transported load becomes better balanced, so less deposition will occur. Downstream
from a change in the slope, practically no deposition occurs. It is not until the river reaches the coastal
plain, deposition of flushed-out material may occur. However, here deposition may be prevented due
to higher water discharges. Most deposition occurs on the river bed and less on the banks. With
increased distance, relatively less material deposits on the banks, due to the increasing phase lag
between water and sediment. Farthest downstream, practically no river-bank deposition occurs due
to the peaks being completely separated in time. Because of the phase lag, also some erosion occurs
before the sediment concentration peak arrives. See Chapters 8 and 11 for specific results.

12.4 GEOMORPHOLOGY OF THE DEPOSITED MATERIAL
The flushed out material will preferably deposit at local depressions in the terrain. No apparent
tendency was observed for deposits being deeper closer or farther away from the water. The deposits
do not show any apparent bedforms. This can be explained by deposition under conditions of
overloading. The depths of the deposits decrease with increasing distance from the dam except from
the reach below the knickpoint in slope. Just downstream from the knickpoint, erosion occurs and
farther downstream deposition of the eroded material takes place. Not until the coastal plain can any
deposition of flushed out material be expected to take place. See Chapter 11 for specific results.

12.5 GRAIN-SIZE CHARACTERISTICS OF THE DEPOSITED MATERIAL
Deposition of flushed out material will make the river bed more fine-grained and decrease its
roughness. Water velocity will then increase, for the same water discharge, and more sediment can be
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kept in suspension. The deposited grain sizes decrease with increased distance from the dam due to
selective deposition. At-a-station the grain sizes appear to be best correlated with the thickness of
deposits. The downstream distribution of sediment characteristics can be explained by examining the
flow, river gradient, and channel planform pattern. See Chapter 11 for specific results.
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APPENDIX A: RIVER CHARACTERISTICS
Table 1. Years used in water-discharge analysis.
Station

Minimum and mean daily flow

Maximum instantaneous flow

Oriente
1962/63-1995/96
1962/63-1995/96, 1994/95-1995/96
La Troya
1980/81-1995/96
1981/82-1992/93, 1994/95-1995/96
Palomo
1971/72-1995/96
1971/72-1992/93, 1994/95-1995/96
El Congo 1962/63-1968/69, 1978/79, 1981/82-1991/92
1962/63-1968/69, 1978/79, 1981/82-1991/92
Angostura
1953/54-1995/96
1953/54-1956/57, 1960/61-1992/93, 1994/95-1995/96
Guayabo
1983/84-1995/96
1983/84-1992/93, 1994/95-1995/96
Pascua
1963/64-1969/70, 1971/72-1994/95
1963/64-1969/70, 1971/72-1992/93, 1994/95

Figure 1. Flow-duration
curves showing percent time
of exceeded mean dailydischarge at all hydrological
stations.

Figure 2. Flow-duration
curves at La Troya, showing
percent time of exceeded
mean daily-discharge for
different five-year periods.
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Figure 3. Flow-duration
curves at Palomo, showing
percent time of exceeded
mean daily-discharge for
different five-year periods.

Figure 4. Flow-duration
curves at Oriente, showing
percent time of exceeded
mean daily-discharge for
different five-year periods.

Figure 5. Flow-duration
curves at El Congo,
showing percent time of
exceeded mean dailydischarge for different fiveyear periods.
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Figure 6. Flow-duration
curves
at
Angostura,
showing percent time of
exceeded mean dailydischarge for different fiveyear periods.

Figure 7. Flow-duration
curves at Guayabo, showing
percent time of exceeded
mean daily-discharge for
different five-year periods.

Figure 8. Flow-duration
curves at Pascua, showing
percent time of exceeded
mean daily-discharge for
different five-year periods.
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Figure 9. Mean values of minimum daily discharge for each month at all gauging stations in the basin.

Figure 10. Mean values of maximum instantaneous discharge for each month at all gauging stations in the basin.
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Figure 11. Maximum instantaneous water discharges plotted against probability of discharge not being exceeded and
return periods with 95% confidence-limit intervals for all gauging stations in the Reventazón River basin.
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APPENDIX B: FLOW CHARACTERISTICS DURING FLUSHING

Figure 1. Percentages of grain-size fractions, water discharges, and suspended-sediment concentrations at the
Siquirres 1993, El Congo 1996, and Angostura 1996 gauging stations.
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APPENDIX C: RIVER-BANK DEPOSITS
Bed-level change (m)
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Figure 1. Upstream view of Fajardo investigation site with 3-d surface before the flushing and 2-d bed-level changes
due to the flushing. See Table 1 and Figure 1 in Appendix D for location.
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Figure 2. Upstream view of Planta Birrís investigation site with 3-d surface before the flushing and 2-d bed-level
changes due to the flushing. See Table 1 and Figure 2 in Appendix D for location.
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Figure 3. Upstream view of Planta Cachí investigation site with 3-d surface before the flushing and 2-d bed-level
changes due to the flushing. See Table 1 and Figure 3 in Appendix D for location.
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Figure 4. Upstream view of Joyas investigation site with 3-d surface before the flushing and 2-d bed-level changes
due to the flushing. See Table 1 and Figure 4 in Appendix D for location.
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Figure 5. Upstream view of Planta Florencia investigation site with 3-d surface before the flushing and 2-d bed-level
changes due to the flushing. See Table 1 and Figure 5 in Appendix D for location.
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Figure 6. Upstream view of Casa Turire investigation site with 3-d surface before the flushing and 2-d bedlevel changes due to the flushing. See Table 1 and Figure 6 in Appendix D for location.
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Figure 7. Upstream view of Peralta investigation site with 3-d surface before the flushing and 2-d bed-level changes
due to the flushing. See Table 1 and Figure 7 in Appendix D for location.
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Figure 8. Fajardo investigation site before the flushing. Lines are measured cross sections. See
Table 1 and Figure 1 in Appendix D for location.
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Figure 9. Planta Birrís investigation site
before the flushing. Lines are measured cross
sections. See Table 1 and Figure 2 in
Appendix D for location.
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Figure 10. Planta Cachí investigation site before the Figure 11. Planta Cachí investigation site after the
flushing. Lines are measured cross sections. See Table flushing. See Table 1 and Figure 3 in Appendix D for
1 and Figure 3 in Appendix D for location.
location.
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Figure 12. Fajardo investigation site after the flushing. See Table 1 and Figure 1 in Appendix
D for location.
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Figure 13. Planta Birrís investigation site
after the flushing. See Table 1 and Figure 2
in Appendix D for location.
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Figure 14. Joyas investigation site before the flushing.
Lines are measured cross sections. See Table 1 and
Figure 4 in Appendix D for location.
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Figure 15. Joyas investigation site after the flushing.
See Table 1 and Figure 4 in Appendix D for location.
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Figure 16. Planta Florencia investigation site before the flushing. Lines are measured cross sections. See
Table 1 and Figure 5 in Appendix D for location.

214

Appendix C

5080

5070

5060

5050

5040

5030

5020

5010

5000

4990

4920

4930

4940

4950

4960

4970

4980

Figure 17. Planta Florencia investigation site after the flushing. See Table 1 and Figure 5 in Appendix
D for location.
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Figure 18. Casa Turire
investigation site before the
flushing. Lines are measured
cross sections. See Table 1
and Figure 6 in Appendix D
for location.
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Figure 19. Casa Turire
investigation site after the
flushing. See Table 1 and
Figure 6 in Appendix D for
location.
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Figure 20. Peralta
investigation site before
the flushing. Lines are
measured cross sections.
See Table 1 and Figure 7
in Appendix D for
location.

216

8975

5020

8980

8985

5030

8990

Figure 21. Peralta
investigation site after
the flushing. See Table 1
and Figure 7 in Appendix
D for location.
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Figure 22. Downstream view of Nueva Ujarras sample site
after the flushing (0.25 km).

Figure 23. Upstream view
of El Congo sample site
after the flushing (9.75 km).
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Figure 24. Downstream
view of Murcia sample site
after the flushing (16.00
km).

Figure 25. Upstream view
of Cerro Atirro sample site
after the flushing (19.50
km).

Figure 26. Upstream view
of Eslabón sample site after
the flushing (31.25 km).
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Figure 27. Upstream view
of Guayabo sample site after
the flushing (40.75 km).

Figure 28. Downstream
view of Peralta Sur sample
site after the flushing (43.00
km).

Figure 29. Downstream
view of Finca Florida
sample site after the flushing
(65.00 km).
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Figure 30. Upstream view
of Siquirres investigation
site after the flushing (70.50
km).

220

Appendix D

APPENDIX D: CHARACTERISTICS OF DEPOSITED MATERIAL
Table 1. Location of all sample and investigation sites (see also Figure 14 in Chapter 7). Coordinates used, refer to
the Costa Rican net where one unit corresponds to one meter.
Stn. no. Station name
East
North
Altitude Dist. fr. dam Date of survey
Photos
(m a.s.l.)
(km)
(Fig. no. [Chap.])
1
Nueva Ujarras
5577xx
2029xx
915
0.25
25 Oct.
5[8], 22[C]
2
Fajardo
558080
203820
903
2.00
15 Oct.
1[11]
3
Planta Birrís
560850
205550
805
6.75
15 Oct.
15-16[8], 3[11]
4
El Congo
5634xx
2061xx
727
9.75
15 Oct.
23[C]
5
Planta Cachí
563570
206010
725
10.50
15 Oct.
6[8], 6[11]
6
Murcia
5695xx
2046xx
630
16.00
13 Oct.
24[C]
7
Joyas
571050
204620
612
18.50
13 Oct.
9[11]
8
Cerro Atirro
5739xx
2039xx
600
19.50
13 Oct.
25[C]
9
Atirro
5753xx
2042xx
580
22.50
13 Oct.
10[7]
10
Planta Florencia
574950
205040
567
26.25
16 Oct.
10[7], 7[8], 12[11]
11
Casa Turire
575020
205960
561
27.25
16 Oct.
14[11]
12
Eslabón
5746xx
2080xx
525
31.25
13 Oct.
26[C]
1
13
Jesús María
5756xx
2121xx
435
38.00
14
Guayabo
5764xx
2131xx
393
40.75
13 Oct.
27[C]
15
Peralta Sur
5780xx
2153xx
373
43.00
13 Oct.
28[C]
16
Peralta
578980
216570
351
44.75
13 Oct.
17[11]
17
Finca Florida
5836xx
2302xx
134
65.00
11 Oct.
11[7], 29[C]
18
Siquirres
587820
232120
81
70.50
11 Oct.
30[C]
19
Tres Millas
5906xx
2366xx
45
75.25
11 Oct.
20
Santo Domingo
5924xx
2403xx
21
80.00
11 Oct.
21
Finca Carmen
5937xx
2449xx
12
83.00
11 Oct.
22
Puerto Hamburgo 5961xx
2476xx
9
93.50
11 Oct.
23
Golden Grove1
5976xx
2497xx
7
98.00
1
24
Isla Misteriosa
6037xx
2533xx
3
112.00
8[8]
25
Estero Pacuare1
6081xx
2523xx
1
121.00
1
Not surveyed in 1996

Figure 1. Fajardo investigation site with
locations of the surveyed cross sections
and taken samples. The dark area is either
upstream or downstream from the
investigation site or above levels affected
by the flushing.
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Figure 2. Planta Birrís investigation site with
locations of the surveyed cross sections and taken
samples. The dark area is either upstream or
downstream from the investigation site or above
levels affected by the flushing.

Figure 3. Planta Cachí investigation site with
locations of the surveyed cross sections and taken
samples. The dark area is either upstream or
downstream from the investigation site or above
levels affected by the flushing.

Figure 4. Joyas investigation site with locations of
the surveyed cross sections and taken samples. The
dark area is either upstream or downstream from the
investigation site or above levels affected by the
flushing.
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Figure 5. Planta Florencia investigation
site with locations of the surveyed cross
sections and taken samples. The dark area
is either upstream or downstream from the
investigation site or above levels affected
by the flushing.

Figure 6. Casa Turire investigation site with locations of the surveyed
cross sections and taken samples. The dark area is either upstream or
downstream from the investigation site or above levels affected by the
flushing.
Figure 7. Peralta investigation site with locations of the surveyed cross
sections and taken samples. The dark area is either upstream or downstream
from the investigation site or above levels affected by the flushing.
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Table 2. Description of Folk and Ward’s (1957) grain-size parameters used in the analyses. The Φx percentile
signifies grain size in Φ-values whereof x percent of the material is finer. The equations thus differ from Folk and
Ward’s who used percent material coarser than the percentile.

Sorting: So

(Φ16 Φ84) (Φ5 Φ95)

4
6.6

Kurtosis: K

Skewness: Sk

(Φ5 Φ95)
2.44(Φ25 Φ75)

(Φ16Φ84 2Φ50) (Φ5Φ95 2Φ50)

2(Φ16 Φ84)
2(Φ5 Φ95)

Sorting
So
Kurtosis1
K
Skewness2
Sk
Very well so.
<0.35
Very platykurtic
<0.67
Very negatively sk. -1.00 to -0.30
Well so.
0.35 to 0.50 Platykurtic
0.67 to 0.90 Negativey sk.
-0.30 to -0.10
Moderately well so.
0.50 to 0.71 Mesokurtic
0.90 to 1.10 Symmetrical
-0.10 to 0.10
Moderately so.
0.71 to 1.00 Leptokurtic
1.11 to 1.50 Positively sk.
0.10 to 0.30
Poorly so.
1.00 to 2.00 Very leptokurtic
1.50 to 3.00 Very positively sk. 0.30 to 1.00
Very poorly so.
2.00 to 4.00 Extremely leptokurtic
>3.00
Extremely poorly so.
>4.00
1
Flat distributions are called platykurtic and peaky distributions are called leptokurtic.
2
Negatively skewed distributions have coarse tails and positively skewed distributions have fine tails.
Table 3. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples taken
before the flushing.
Station
Tapantí Fajardo Planta
Joyas
Cerro
Planta
Casa Guayabo Peralta Siquirres
Birrís
Atirro Florencia Turire
Sample
T.1
F.1
P.B.1
J.1
C.A.1
P.F.1
C.T.1
G.1
P.1
S.1
Dist. (km) -40.00
2.00
7.00
18.50
19.50
26.25
27.25
40.75
44.75
70.50
Φ95
-1.7405 -1.7164 -1.7683 -0.5919 0.3739 -0.0427 0.3975 0.9314 0.5756 1.3375
Φ90
-1.5556 -1.5067 -1.6391 -0.2165 0.5874 0.3197 0.6580 1.2099 0.9617 1.6769
Φ84
-1.4206 -1.2977 -1.5096 -0.0133 0.7857 0.5174 0.8534 1.3603 1.2617 1.9280
Φ80
-1.3285 -1.1296 -1.4466 0.1298 0.8663 0.6352 0.9500 1.4441 1.3767 2.0373
Φ75
-1.2073 -0.9578 -1.3313 0.2872 0.9670 0.7807 1.0491 1.5259 1.5113 2.1622
Φ70
-1.1082 -0.7822 -1.2071 0.3770 1.0489 0.8803 1.1594 1.6004 1.6440 2.2766
Φ50
-0.7124 -0.1709 -0.8521 0.7891 1.3712 1.2731 1.4753 1.8664 2.0704 2.7080
Φ30
-0.2118 0.4321 -0.5411 1.2920 1.6604 1.5813 1.8759 2.0871 2.5165 3.1823
Φ25
-0.0448 0.5607 -0.4651 1.4288 1.7626 1.6809 1.9888 2.1527 2.6199 3.3300
Φ20
0.2566 0.8033 -0.3193 1.5945 1.8718 1.8088 2.1258 2.2183 2.7232 3.5141
Φ16
0.4451 1.0205 -0.2131 1.7765 1.9592 1.9164 2.2417 2.2857 2.8638 3.6825
Φ10
0.9506 1.4360 -0.0347 2.0883 2.1472 2.1218 2.5688 2.4336 3.0885 4.2602
Φ5
1.7642 1.9954 0.3104 2.5883 2.4307 2.4635 2.9746 2.6323 3.3885 5.7474
D50 (mm) 1.6385 1.1257 1.8051 0.5787 0.3866 0.4138 0.3597 0.2743 0.2381 0.1530
Sorting
0.9974 1.1419 0.6391 0.9293 0.6050 0.7295 0.7375 0.4891 0.8267 1.1068
Kurtosis
1.2356 1.0018 0.9836 1.1418 1.0595 1.1410 1.1240 1.1122 1.0399 1.5475
Skewness 0.3271 0.0975 0.0521 0.1175 0.0162 -0.0652 0.1338 -0.0966 -0.0362 0.2446
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Table 4. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples taken
after the flushing.
Station
Nueva
Fajardo# Fajardo# Fajardo# Fajardo# Fajardo# Fajardo# Fajardo# Fajardo# Fajardo#
Ujarras
Sample
N.U.1
F.2
F.3
F.4
F.5
F.6
F.7
F.8
F.9
F.10
Dist. (km) 0.25
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
Φ95
-1.7092 -1.5960 -0.5640 1.0525 0.9900 0.8723 -1.0581 0.2125 -1.3017 0.8245
Φ90
-1.4207 -1.3537 -0.0737 1.3285 1.2451 1.0835 -0.7086 0.4321 -0.9831 0.9990
Φ84
-1.0595 -1.0651 0.2933 1.5121 1.3720 1.2725 -0.5157 0.6058 -0.7107 1.1596
Φ80
-0.8501 -0.9256 0.4178 1.6246 1.4566 1.3384 -0.3719 0.7137 -0.6134 1.2609
Φ75
-0.6092 -0.7206 0.5641 1.7703 1.5539 1.4207 -0.2185 0.8284 -0.4919 1.3303
Φ70
-0.4062 -0.5858 0.7155 1.8714 1.6575 1.4955 -0.1149 0.9232 -0.3537 1.3998
Φ50
0.2607 0.1191 1.2186 2.2328 1.9988 1.8127 0.3320 1.2966 0.0100 1.6989
Φ30
0.7116 0.9341 1.6735 2.6193 2.3568 2.0960 0.6887 1.6679 0.4353 2.0362
Φ25
0.8715 1.1867 1.8204 2.6992 2.4729 2.1798 0.8199 1.8059 0.5274 2.1426
Φ20
1.0169 1.4314 1.9489 2.8290 2.5857 2.2652 0.9461 1.9404 0.6680 2.2408
Φ16
1.2116 1.6524 2.0886 2.9486 2.6653 2.3725 1.0684 2.0524 0.8084 2.3698
Φ10
1.5003 2.0720 2.4005 3.1701 2.8778 2.5669 1.3630 2.2811 1.0484 2.5839
Φ5
1.9390 2.6561 2.7792 3.5022 3.1861 2.7804 1.7668 2.6073 1.4271 2.8057
D50 (mm) 0.8347 0.9207 0.4297 0.2127 0.2502 0.2847 0.7944 0.4071 0.9931 0.3080
Sorting
1.1205 1.3236 0.9554 0.7303 0.6561 0.5641 0.8241 0.7245 0.7932 0.6027
Kurtosis
1.0097 0.9137 1.0907 1.0807 0.9793 1.0302 1.1149 1.0041 1.0972 0.9996
Skewness -0.1213 0.1609 -0.0486 0.0165 0.0559 0.0161 -0.0272 0.0698 0.0449 0.1131
Table 4 cont. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples
taken after the flushing.
Station
Fajardo Planta
Planta
Planta
Planta
Planta
Planta
Planta
Planta Planta
Birrís#
Birrís#
Birrís#
Birrís#
Birrís#
Birrís#
Birrís#
Birrís# Birrís#
Sample
F.11
P.B.2
P.B.3
P.B.4
P.B.5
P.B.6
P.B.7
P.B.8
P.B.9 P.B.10
Dist. (km) 2.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
Φ95
-0.9316 0.5487 1.1724 1.1474 1.5483 1.4157 0.9409 0.6656 1.2608 0.6543
Φ90
-0.1711 0.9255 1.3572 1.3544 1.7786 1.6010 1.2131 0.9564 1.6126 1.0575
Φ84
0.3567 1.1749 1.5079 1.5098 1.9249 1.7812 1.3679 1.1835 1.8280 1.3014
Φ80
0.5386 1.3032 1.5957 1.5974 2.0031 1.8529 1.4564 1.2967 1.9192 1.3921
Φ75
0.7310 1.4191 1.7054 1.7070 2.0860 1.9427 1.5542 1.3943 2.0114 1.4985
Φ70
0.8777 1.5275 1.8077 1.8085 2.1689 2.0181 1.6563 1.4920 2.0923 1.6133
Φ50
1.3730 1.9678 2.1178 2.1175 2.4987 2.3608 1.9996 1.8905 2.4141 2.0215
Φ30
1.8981 2.3941 2.5141 2.5184 2.7948 2.7941 2.3799 2.2726 2.7241 2.5506
Φ25
2.0461 2.5380 2.6127 2.6264 2.9224 2.9999 2.5148 2.4063 2.8850 2.6965
Φ20
2.2291 2.6664 2.7114 2.7345 3.0575 3.2768 2.6300 2.5522 3.0498 2.9599
Φ16
2.4192 2.8089 2.8610 2.9012 3.1999 3.5829 2.7222 2.6579 3.2140 3.2277
Φ10
2.7243 3.1289 3.1442 3.1902 3.5420 4.2012 2.9908 2.8978 3.6178 3.8782
Φ5
3.3285 3.6519 3.5898 3.6726 4.2392 5.3993 3.3992 3.2290 4.7050 5.6554
D50 (mm) 0.3861 0.2557 0.2304 0.2304 0.1769 0.1947 0.2501 0.2697 0.1876 0.2463
Sorting
1.1611 0.8787 0.7045 0.7305 0.7264 1.0540 0.7110 0.7570 0.8683 1.2393
Kurtosis
1.3276 1.1367 1.0920 1.1257 1.3185 1.5442 1.0489 1.0382 1.6157 1.7110
Skewness -0.0337 0.0575 0.1582 0.1791 0.1968 0.4411 0.1029 0.0426 0.2422 0.3528

225

Reservoir desiltation by means of hydraulic flushing
Table 4 cont. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples
taken after the flushing.
Station
Planta El Congo Planta
Planta
Planta
Planta
Planta
Planta
Planta Planta
Birrís#
Cachí# Cachí# Cachí# Cachí# Cachí# Cachí# Cachí# Cachí#
Sample
P.B.11
E.C.1
P.C.1
P.C.2
P.C.3
P.C.4
P.C.5
P.C.6
P.C.7
P.C.8
Dist. (km) 7.00
9.75
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
Φ95
0.3475 1.6664 1.6480 2.0386 1.9959 2.3748 2.5144 1.2825 1.3892 1.5509
Φ90
0.5609 1.8693 1.8678 2.2337 2.1781 2.5541 2.6388 1.5419 1.7723 1.8203
Φ84
0.7674 2.0214 2.0271 2.3934 2.3355 2.6633 2.8074 1.7787 1.9974 2.0086
Φ80
0.8542 2.1011 2.1123 2.4982 2.4359 2.7361 2.9191 1.8810 2.0879 2.1091
Φ75
0.9628 2.2007 2.2187 2.5558 2.5299 2.8573 3.0265 1.9948 2.2152 2.2347
Φ70
1.0527 2.2811 2.3021 2.6133 2.5914 2.9656 3.1183 2.0937 2.3219 2.3274
Φ50
1.4104 2.5984 2.6222 2.9268 2.8855 3.2332 3.4883 2.5001 2.6820 2.6707
Φ30
1.8037 2.9398 2.9953 3.2569 3.2180 3.5515 3.8676 2.8979 3.0760 3.1609
Φ25
1.9271 3.0510 3.1092 3.3748 3.3200 3.6337 4.0159 3.0318 3.1966 3.3035
Φ20
2.0624 3.1839 3.2357 3.5068 3.4440 3.7159 4.4618 3.2099 3.3299 3.5070
Φ16
2.2080 3.3040 3.3689 3.6068 3.5703 3.8493 4.8522 3.3919 3.4587 3.6691
Φ10
2.5707 3.5779 3.6252 3.7886 3.7797 4.2197 5.6472 3.7321 3.6798 4.2166
Φ5
3.2165 3.9186 3.9455 4.1575 4.5383 5.7067 8.2994 4.9765 3.9756 5.6515
D50 (mm) 0.3762 0.1651 0.1624 0.1315 0.1353 0.1063 0.0891 0.1768 0.1558 0.1570
Sorting
0.7948 0.6619 0.6836 0.6244 0.6939 0.8013 1.3877 0.9630 0.7572 1.0364
Kurtosis
1.2194 1.0855 1.0575 1.0603 1.3187 1.7587 2.3963 1.4599 1.0801 1.5724
Skewness 0.1832 0.1364 0.1324 0.1412 0.2047 0.2618 0.4987 0.2232 0.0317 0.3281
Table 4 cont. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples
taken after the flushing.
Station
Planta
Planta
Planta
Planta
Planta
Planta Murcia Joyas#
Joyas# Joyas#
#
Cachí
Cachí
Cachí
Cachí
Cachí
Cachí
Sample
P.C.9
P.C.10 P.C.11 P.C.12 P.C.13 P.C.14
M.1
J.2
J.3
J.4
Dist. (km) 10.50
10.50
10.50
10.50
10.50
10.50
16.00
18.50
18.50
18.50
Φ95
2.2289 2.2176 1.3270 0.6916 1.6527 1.7026 2.0569 0.3479 1.6150 1.4693
Φ90
2.4076 2.5213 1.5496 1.4255 1.8673 2.0221 2.2459 1.2758 1.8726 1.6759
Φ84
2.5310 2.6347 1.7646 1.8088 2.0279 2.2445 2.4081 1.6972 2.0558 1.8554
Φ80
2.5736 2.7103 1.8554 1.9667 2.1152 2.3727 2.5046 1.8666 2.1592 1.9491
Φ75
2.6268 2.8777 1.9689 2.0997 2.2243 2.5144 2.5606 2.0195 2.2754 2.0486
Φ70
2.6800 3.0094 2.0566 2.2342 2.3144 2.5886 2.6167 2.1568 2.4068 2.1559
Φ50
3.0020 3.2991 2.4404 2.6400 2.6491 2.9484 2.8732 2.6022 2.7846 2.5728
Φ30
3.2889 3.6705 2.8421 3.1009 3.0620 3.3138 3.1567 3.0405 3.2252 3.0352
Φ25
3.3969 3.7715 2.9881 3.2376 3.2034 3.4343 3.2375 3.1635 3.3833 3.1882
Φ20
3.5225 3.9300 3.1704 3.4321 3.3847 3.5749 3.3621 3.3000 3.5643 3.3473
Φ16
3.6214 4.1737 3.3637 3.6115 3.5697 3.6798 3.4732 3.4541 3.7092 3.5104
Φ10
3.8211 4.8510 3.7772 3.9402 3.9281 3.9748 3.8645 3.9646 4.4495 3.8604
Φ5
4.7620 6.2030 5.2471 5.3040 5.1341 5.3897 4.9156 5.6057 5.7974 5.1550
D50 (mm) 0.1248 0.1016 0.1842 0.1604 0.1594 0.1296 0.1365 0.1647 0.1451 0.1681
Sorting
0.6564 0.9886 0.9937 1.1495 0.9129 0.9175 0.6994 1.2359 1.0471 0.9722
Kurtosis
1.3480 1.8273 1.5765 1.6611 1.4574 1.6426 1.7310 1.8837 1.5472 1.3254
Skewness 0.2629 0.2969 0.2933 0.1165 0.3110 0.1717 0.2778 0.0562 0.2796 0.2671

226

Appendix D
Table 4 cont. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples
taken after the flushing.
Station
Joyas#
Joyas
Joyas#
Joyas
Joyas#
Joyas#
Cerro
Cerro
Cerro
Atirro
Atirro# Atirro# Atirro#
Sample
J.5
J.6
J.7
J.8
J.9
J.10
C.A.2
C.A.3
C.A.4
A.1
Dist. (km) 18.50
18.50
18.50
18.50
18.50
18.50
19.50
19.50
19.50
22.50
Φ95
1.5101
1.6397 -0.4459 1.4348 2.2661 2.0981 3.4159 3.8633 2.9987
Φ90
1.7671
1.8972 -0.1508 1.6415 2.4959 2.5837 3.6808 4.4421 3.1823
Φ84
1.9207
2.0921 0.1071 1.8218 2.5721 2.8236 4.0175 4.8159 3.3401
Φ80
2.0059
2.2141 0.2800 1.9050 2.6229 2.9457 4.4395 5.0205 3.4437
Φ75
2.1057
2.3565 0.4062 1.9958 2.6865 3.0523 4.7069 5.2297 3.5576
Φ70
2.2055
2.5155 0.5428 2.0874 2.7654 3.1522 4.9009 5.4277 3.6497
Φ50
2.5320
3.0571 1.3234 2.4571 3.0653 3.5622 5.5896 6.2861 4.5396
Φ30
2.8239
3.7266 2.4455 2.9058 3.4531 4.3696 6.6139 7.9425 5.6456
Φ25
2.9473
4.1484 2.8068 3.0534 3.5922 4.6776 7.1066 8.9001 6.0144
Φ20
3.0747 3.3265 4.8129 3.1226 3.2354 3.7214 4.9745 7.9196 9.8789 6.6250
Φ16
3.1960 3.6053 5.2412 3.3600 3.4163 3.9089 5.2717 8.4447 10.8096 7.4185
Φ10
3.5615 4.2485 6.3207 3.9314 3.7316 4.4204 6.1609 9.1289 12.0000 9.5072
Φ5
4.7556 5.6328 9.4882 5.6493 4.6039 5.5015 9.0238 9.7520 13.5000 11.8000
D50 (mm) 0.1729
0.1201 0.3996 0.1821 0.1195 0.0847 0.0208 0.0128 0.0430
Sorting
0.8106
1.9764 1.7367 0.8788 0.8244 1.6614 2.0668 2.9585 2.3531
Kurtosis
1.5805
1.7951 1.0406 1.2282 1.4640 1.7463 1.0821 1.0760 1.4682
Skewness 0.2058
0.5130 0.3358 0.2790 0.3841 0.4869 0.3018 0.5033 0.5308
Table 4 cont. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples
taken after the flushing.
Station
Planta
Planta
Planta
Planta
Planta
Planta
Planta
Planta
Planta
Planta
Florencia# Florencia# Florencia Florencia# Florencia# Florencia# Florencia Florencia# Florencia Florencia#
Sample
P.F.2
P.F.3
P.F.4
P.F.5
P.F.6
P.F.7
P.F.8
P.F.9
P.F.10
P.F.11
Dist. (km) 26.25
26.25
26.25
26.25
26.25
26.25
26.25
26.25
26.25
26.25
Φ95
1.6746 -0.0217 -1.6485 2.7646 -1.5012 0.8971 -1.8183 -1.1339 -1.5195 1.8654
Φ90
1.8985 0.4113 -1.3758 3.0153 -0.9532 1.9980 -1.5692 1.3568 -1.1946 2.2863
Φ84
2.0539 0.6896 -1.0394 3.1999 -0.3919 2.4926 -1.2682 2.5905 -0.7992 2.5525
Φ80
2.1381 0.8401 -0.8101 3.2874 -0.0662 2.5977 -1.0074 2.7735 -0.5405 2.6433
Φ75
2.2288 0.9923 -0.5520 3.4023 0.4044 2.7290 -0.6338 2.9312 -0.2321 2.7708
Φ70
2.3231 1.1226 -0.2664 3.5172 0.9481 2.8990 -0.2721 3.0324 -0.0007 2.8897
Φ50
2.6394 1.5452 0.6129 3.9174 3.1579 3.4359 1.3473 3.3650 0.8842 3.2586
Φ30
3.0274 2.0254 1.6534 5.1187 3.6815 4.4801 3.2134 4.2363 1.6329 3.7038
Φ25
3.1693 2.1878 1.9013 5.4629 3.8212 4.9039 3.5828 4.8160 1.8524 3.9347
Φ20
3.3315 2.3907 2.1094 5.9407 3.9770 5.3038 3.8969 5.2609 2.0562 4.4299
Φ16
3.5124 2.5886 2.2917 6.5282 4.4269 5.7191 4.5869 5.6835 2.2406 4.8255
Φ10
3.8224 2.9699 2.6959 8.1607 5.0408 7.1144 5.6757 6.9504 2.6436 5.5004
Φ5
4.7757 3.5556 3.6400 11.2000 6.0589 10.3239 7.5364 9.8174 3.2134 7.1176
D50 (mm) 0.1605 0.3426 0.6539 0.0662 0.1120 0.0924 0.3930 0.0971 0.5418 0.1045
Sorting
0.8345 1.0168 1.6341 2.1102 2.3502 2.2349 2.8811 2.4325 1.4771 1.3640
Kurtosis 1.3513 1.2264 0.8835 1.6777 0.9068 1.7764 0.9092 2.3813 0.9306 1.8494
Skewness 0.2874 0.1114 0.0764 0.6478 -0.3529 0.4383 0.2149 0.3388 -0.0616 0.4241
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Table 4 cont. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples
taken after the flushing.
Station
Casa
Casa
Casa
Casa
Casa
Casa
Casa
Casa
Casa
Casa
Turire# Turire# Turire Turire# Turire# Turire# Turire# Turire# Turire# Turire#
Sample
C.T.2
C.T.3
C.T.4
C.T.5
C.T.6
C.T.7
C.T.8
C.T.9
C.T.10 C.T.11
Dist. (km) 27.25
27.25
27.25
27.25
27.25
27.25
27.25
27.25
27.25
27.25
Φ95
2.4963 2.4702 1.1635 3.0282 2.5388 3.3477 2.7234 3.3195 2.8720 3.3335
Φ90
2.6413 2.6060 1.6211 3.1627 2.7630 3.5469 3.0126 3.5245 3.1705 3.6513
Φ84
2.7978 2.7596 2.4415 3.2808 2.9358 3.6785 3.2154 3.6432 3.3618 3.9849
Φ80
2.8687 2.8289 3.0208 3.3517 3.0167 3.7852 3.3147 3.7223 3.4900 4.5711
Φ75
2.9572 2.9157 3.4704 3.4404 3.0980 3.9171 3.4508 3.8433 3.5552 4.9673
Φ70
3.0234 2.9900 3.7193 3.5358 3.1793 4.1265 3.5664 3.9528 3.6203 5.2325
Φ50
3.2983 3.3000 5.1322 3.9178 3.4575 5.1523 4.3228 5.2729 3.9687 6.1614
Φ30
3.6534 3.6841 6.2299 5.1907 3.7286 6.2755 5.7558 6.6017 5.0994 7.6655
Φ25
3.7556 3.8164 6.7554 5.4973 3.8731 6.8413 6.2076 7.2356 5.3814 8.2688
Φ20
3.8995 3.9752 7.6683 5.9241 4.0503 7.7277 6.8960 8.1773 5.7547 9.1584
Φ16
4.0611 4.4905 8.8560 6.5081 4.4360 8.7856 7.7181 9.3804 6.2840 10.1363
Φ10
4.8301 5.3754 11.0200 8.3404 5.0603 10.9002 9.8487 11.7000 8.2389 11.6500
Φ5
6.0013 7.4980 14.0000 9.4054 7.0075 13.5000 12.5000 14.0000 11.5000 14.0000
D50 (mm) 0.1017 0.1015 0.0285 0.0662 0.0910 0.0281 0.0500 0.0259 0.0639 0.0140
Sorting
0.8469 1.1945 3.5486 1.7731 1.0521 2.8150 2.6070 3.0526 2.0378 3.1540
Kurtosis
1.7993 2.2876 1.6015 1.2707 2.3628 1.4229 1.4534 1.2903 1.9363 1.3241
Skewness 0.3750 0.5228 0.2713 0.6631 0.4467 0.5337 0.5905 0.5330 0.6652 0.3811
Table 4 cont. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples
taken after the flushing.
Station
Casa
Eslabón Guayabo# Guayabo# Peralta Peralta# Peralta# Peralta# Peralta# Peralta#
Turire
Sur
Sample
C.T.12
E.1
G.2
G.3
P.S.1
P.2
P.3
P.4
P.5
P.6
Dist. (km) 27.25
31.25
40.75
40.75
43.00
44.75
44.75
44.75
44.75
44.75
Φ95
-0.6995 1.1039 0.3810 2.0934 2.3421 1.2941 0.8958 1.8947 1.8940 1.9093
Φ90
-0.3221 1.5368 1.6880 2.2545 2.5679 1.5488 1.3920 2.1046 2.1982 2.5121
Φ84
-0.0513 1.8229 2.5151 2.3845 2.7252 1.7785 1.7193 2.2671 2.4225 2.7813
Φ80
0.1306 1.9400 2.7043 2.4711 2.8322 1.8677 1.8800 2.3552 2.5330 2.9041
Φ75
0.3212 2.0349 2.9337 2.5407 2.9479 1.9792 2.0380 2.4655 2.6203 3.0220
Φ70
0.4470 2.1147 3.1044 2.5958 3.0398 2.0593 2.1929 2.5461 2.7075 3.1130
Φ50
0.9966 2.4144 3.6114 2.8535 3.4207 2.3906 2.7097 2.8456 3.0953 3.5086
Φ30
1.5429 2.6899 4.3679 3.1609 3.8369 2.6901 3.2886 3.2115 3.4901 3.9696
Φ25
1.7174 2.7813 4.6955 3.2413 3.9664 2.7928 3.4652 3.3185 3.6152 4.3201
Φ20
1.9467 2.9067 5.0223 3.3774 4.3572 2.9341 3.6600 3.4494 3.7581 4.6778
Φ16
2.1837 2.9985 5.3605 3.5012 4.8193 3.0474 3.8949 3.5749 4.0108 4.9614
Φ10
2.7645 3.2271 6.3814 3.6900 5.8754 3.2612 4.8457 3.7741 4.8935 5.6285
Φ5
3.3544 3.5511 9.7034 4.0502 8.6860 3.5885 6.1950 4.3757 6.1269 8.3896
D50 (mm) 0.5012 0.1876 0.0818 0.1384 0.0934 0.1907 0.1529 0.1391 0.1170 0.0879
Sorting
1.1730 0.6647 2.1239 0.5757 1.4847 0.6648 1.3468 0.7029 1.0384 1.5269
Kurtosis
1.1900 1.3438 2.1687 1.1447 2.5527 1.1558 1.5217 1.1920 1.7436 2.0460
Skewness 0.1128 -0.0386 0.2682 0.1915 0.4979 0.0397 0.2025 0.1743 0.2926 0.4196
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Table 4 cont. Grain-sizes in Φ-values for different percentiles and sorting, kurtosis, and skewness for all samples
taken after the flushing.
Station
Peralta# Peralta# Peralta# Finca Siquirres Tres
Santo
Finca
Finca
Puerto
Florida
Millas Domingo Carmen# Carmen# Hamburg
o
Sample
P.7
P.8
P.9
F.F.1
S.2
T.M.1
S.D.1
F.C.1
F.C.2
P.H.1
Dist. (km) 44.75
44.75
44.75
65.00
70.50
75.25
80.00
83.00
83.00
93.50
Φ95
1.1808 2.0384 -0.0035 3.5758 2.9958 1.2219 1.4904 4.6032 2.4567 2.3272
Φ90
1.4846 2.3431 0.5151 4.3752 3.5560 1.6320 1.7815 4.9556 2.7137 2.5997
Φ84
1.7102 2.5480 0.9334 4.8264 3.9970 2.0001 1.9960 5.2713 2.9305 2.8457
Φ80
1.8407 2.6216 1.1487 5.0204 4.3069 2.2371 2.1226 5.4389 3.0382 3.0035
Φ75
1.9781 2.7136 1.3639 5.2297 4.5835 2.5333 2.2678 5.6439 3.1721 3.2241
Φ70
2.0712 2.8160 1.5249 5.4182 4.8020 2.7248 2.4296 5.8511 3.2882 3.4433
Φ50
2.4462 3.0980 2.0676 6.1750 5.5050 3.2909 2.9259 6.9115 3.7895 4.8178
Φ30
2.7707 3.3841 2.5598 7.5040 6.7214 3.9686 3.4613 9.3145 5.2197 6.1312
Φ25
2.8966 3.5047 2.6737 8.2039 7.3458 4.4570 3.6305 10.1590 5.6877 6.8779
Φ20
3.0180 3.6475 2.8377 9.5547 8.1642 4.9657 3.8526 11.0100 6.4285 7.6274
Φ16
3.1535 3.8156 2.9953 10.4728 9.2835 5.4723 4.3309 12.0000 7.3408 8.6450
Φ10
3.4208 4.3469 3.3637 12.4000 11.5000 6.8875 5.0831 13.5000 9.7291 9.3560
Φ5
3.9255 5.3362 3.9276 15.0000 14.0000 10.2678 6.7970 16.0000 13.0000 12.0000
D50 (mm) 0.1835 0.1168 0.2386 0.0138 0.0220 0.1022 0.1316 0.0083 0.0723 0.0355
Sorting
0.7767 0.8165 1.1111 3.1425 2.9889 2.2386 1.3878 3.4090 2.7001 2.9154
Kurtosis
1.2247 1.7085 1.2301 1.5742 1.6327 1.9271 1.5960 1.0345 1.7177 1.0850
Skewness 0.0290 0.2448 -0.0770 0.5336 0.4867 0.3995 0.3312 0.5537 0.6788 0.4025
#
Surface samples containing material deposited from the flushing used for calculation of mean values in Table 5.
Values in italics are estimated.
Table 5. Mean values of samples marked with # in Table 4, from sites where several samples where taken.
Station
Fajardo Planta
Planta
Joyas
Cerro
Planta
Casa Guayabo Peralta
Finca
Birrís
Cachí
Atirro Florencia Turire
Carmen
D50 (mm) 0.5112 0.2418 0.1377 0.1532 0.0394 0.1393 0.0602 0.1101 0.1533 0.0403
Sorting
0.7971 0.8465 0.8449 1.1065 2.2289 1.7633 2.0592 1.3498 1.2111 3.0545
Kurtosis 1.0345 1.2850 1.4502 1.5463 1.3015 1.5956 1.6830 1.6567 1.4342 1.3761
Skewness 0.0446 0.1956 0.2316 0.2835 0.4307 0.2707 0.5234 0.2299 0.1920 0.6163

Figure 8. Deposit thickness plotted against grain size
for samples at Fajardo investigation site.

Figure 9. Deposit thickness plotted against grain size
for samples at Planta Birrís investigation site.
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Figure 10. Deposit thickness plotted against grain size
for samples at Planta Cachí investigation site.

Figure 11. Deposit thickness plotted against grain size
for samples at Joyas investigation site.

Figure 12. Deposit thickness plotted against grain size
for samples at Cerro Atirro sample site.

Figure 13. Deposit thickness plotted against grain size
for samples at Planta Florencia investigation site.

Figure 14. Deposit thickness plotted against grain size
for samples at Casa Turire investigation site.

Figure 15. Deposit thickness plotted against grain size
for samples at Peralta investigation site.
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Figure 16. Deposit thickness plotted against grain size for
samples at all sites where deposit thickness was measured.
Dashed line is the regression of all samples.
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