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Summary
The Erob Wereda is an extremely scant area in northern Ethiopia close to the border of
Eritrea. This region is greatly affected by the lack of sufficient rainfall and the inhabitants
have an extremely low standard of living. Water is certainly what is lacking most for this
people. For most of the year the rivers in the watershed are completely dry. They carry only
water during flash floods, which occur predominately during the rainy season. As an option
for reducing the severe poverty of the people of the Erob Wereda, the Adigrat Diocesan
Development Action (ADDA) has initiated the project of Assabol Flood Water Harvesting
Scheme. The core of this scheme is the Assabol dam. This dam is expected to hold back
and store a part of the flood runoff water from the watershed in the rainy season so as to
provide water continuously for the rest of the year for irrigation or for drinking water.
As a result of the high sediment yield in this semi-arid area, the floods are not only bringing a
great amount of water to the reservoir, they also transport a lot of sediments into the
reservoir and therefore reduce its volume to store pure water. However, the deposited
sediments are able to store and yield water in their pore spaces too. Therefore, the future
composition of the sediments filling the reservoir plays an important role regarding the yield
and harvest of water. The goal of this thesis is to generate information about the processes
of sediment and water delivery in the Assabol watershed, by focussing on the composition,
architecture and hydraulic properties of the sediment body filling the Assabol reservoir. From
the resulting information, appropriate water utilization techniques will be proposed for a
successful management of the reservoir.
To achieve knowledge about the properties of the sediment deposited in the reservoir and
about the processes of sediment and water delivery in the watershed, several
measurements, surveys and observations were carried out in the watershed and reservoir
area in summer 2006. During this field study, the sluice gate outlet in the Assabol dam was
totally open and for that reason the reservoir was empty most of the time. Backwater (lake
condition) took only place during floods, when the inflow of water from the watershed was
bigger than the release through the gate outlet.
The volume of the reservoir (with a dam height of 40 metres) was measured to be at least
775,000 m3. The in- and outflow of the reservoir during the measuring period between 20
July and 8 August was about 9,150,000 m3. During this period, 26 floods occured. The
discharge amount of the floods ranged between 30,000 m3 and 1,700,000 m3 and the
average discharge of the 26 floods was 350,000 m3 per flood. The floodwater of the Assabol
watershed transports a lot of suspended sediments, sometimes more than 5% of its weight.
The biggest suspended sediment concentration is at the beginning of the flood and
decreases continuously in time. The suspended load is the dominant sediment delivery into
the reservoir: In summer 2006 about 90% of the deposited sediments were suspended load
particles. The total sediment deposition in the reservoir in 2006 is expected to be about
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100,000 m3. About 10% of the precipitation in the watershed resulted in runoff during Krempt
rainy season 2006. The annual variability of the precipitation and for that reason also of the
runoff in the watershed is very high. At least five floods can be expected to enter the
reservoir per year. In the year 2006, which was extraordinarily wet, over 30 floods have
taken place.
During each flood, sediment layers were deposited in the area of the reservoir affected by
backwater (lake condition). These layers were always built up in the same way. The lower
part of one flood deposition was often sand, on the top there was always fine silt and the part
between was a mix of sand and silt. These graded sediment layers (with heights between 2
cm and 30 cm) were deposited homogenously over the whole area affected by backwater. If
in the anticipated future, the gate would be closed all the time, most of the reservoir would be
covered with these horizontally lying sediment layers, with the top of each single layer
consisting of fine silt. This silt material has minimal infiltration capacity and is therefore like
an impermeable layer, preventing water from rapid vertical infiltration. The sand and silt/sand
mix, forming the lower part of a single flood deposition, would be able to store and yield
water, but it would not be possible to profit from their hydrological quality anymore as the
water could not get through to these intermediate layers quickly enough. Hence, once the
gate is closed for good, only those parts of the reservoir where there is no sediment
deposition would be able to store and yield water. Most of the part occupied by sediment
depositions would not be involved in this interchange of water and therefore these deposited
sediments would be a reservoir volume lost. This lost volume would increase very rapidly so
that in about 10 years time it would finally fill up the reservoir completely (under the
assumption that future sedimentation is similar to sedimentation in 2006). It is estimated that
the floods would then flow over the filled reservoir and almost no water could infiltrate.
Therefore, the reservoir would be quite useless, at least as a water supplier.
The best solution for the Assabol Flood Water Harvesting Scheme is to keep as big a part as
possible of the reservoir free from sediment depositions. The easiest way to achieve this for
the Assabol reservoir is assumed to be by flushing, because the Assabol Flood Water
Harvesting Scheme is suited for flushing purposes from all natural aspects. The only
limitation will be the quite small gate outlet. In the worst case, if it is not possible to achieve
an effective flushing with the small gate outlet and a maximal flushing period, the safest
solution concerning a high flushing efficiency will be an enlargement of the gate outlet. If the
gate outlet is big enough for the flood water to flow through without leading to backwater
effective flushing can be guaranteed.
Another very favourable aspect of the flushing method for the Assabol reservoir would be the
development of a deeply incised channel. This incised channel would cut through the overall
expanded flood layer depositions and for this reason the vertical infiltration blockage would
be destroyed. The water could then infiltrate laterally into the sediment body during
backwater and exfiltrate during decreasing water levels.
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Part I: INTRODUCTION

1

Background and Goal of the Study

1.1 Assabol Floodwater Harvesting Scheme in the Semi Arid Erob
Wereda
1.1.1 Semi Arid Erob Wereda in North Ethiopia
Ethiopia
The Erob Wereda1 is located between 14° 7’ to 14° 10’ N latitude and 39 °30’ to 40°00’ E
longitude in the north-eastern part of Tigray regional state of Ethiopia (about 150 km north of
Mekelle, the capital of the Tigray Region). It is located in the far north of Ethiopia bordered
by Eritrea from the north and the Afar Region from the east.

Map 1: Erob Wereda in Tigray, regional state of Ethiopia (UNDP Emergencies Unit Ethiopia)

1

Wereda is the local word for district and means the local administrative unit above the level of a village area.

2

Sedimentation Processes in the Assabol Watershed

The total area of the Erob Wereda is estimated at 850 square kilometres (Tesfay Lemlem
2004). “It is a wild mountainous region with steep slopes and strongly dissected by river
valleys. Flat plains occur seldom” (Strebel 1979: 122). The area is located in the eastern
escarpment of the Tigrean Plateau in the direction of the Danakil Depression. The altitude
varies from 900 metres above sea level at Endeli valley to the peak mountain Asimba that is
3,200 metres above sea level. Most people live in areas ranging from 1,500 to 2,700 metres
above sea level.
The Erob Wereda is located in the rain shadow of the Highland and is known to be among
the areas greatly affected by the lack of sufficient and timely reliable rainfall. The average
annual rainfall is about 400 mm. There is almost no rainfall during the entire dry season. The
major part of the rain falls in summer rainy season (Krempt), which is lasting from end of
June until early September. However, not even this can be forecasted accurately as the
rainfall is highly erratic and variable across time and space.
The population of the Erob Wereda is estimated at 27,000 (Tesfay Lemlem 2004). Apart
from a few families who have a modest additional income all rural people are farmers and
herdsmen. The people inhabit the area some 700 years ago. Initially, they were pastoralists
solely depending on animal production by using grasses and forests that were ample during
that time. Gradually, the grasses and forests dwindled as the pressure on it increased and
due to erosion and civil war (Müller 2005: 5). Therefore, at the beginning of the 20th century
the people started to cultivate the land for crop production. However, at this time livestock
holding (based mostly on uncontrolled grazing) is still more important in the Erob Wereda
than crop production.
The arable land is very limited and the area under cultivation is only about 1,200 hectares
(1.4% of the total area of the Wereda); the average productivity of the land for the major
cereals crops does not exceed 300 – 400 kg per hectare (Tesfay Lemlem 2004). “The
irregular distribution of rain leads to frequent bad harvest. The scarcity of arable land
precludes an extension of cultivated land. The produced crop is insufficient for the food
requirement of the population and only a small amount of grain can be purchased with the
income from livestock production” (Strebel 1979: 122). Of very high importance for the food
supply of both people and livestock, are the fruits and sprouts of the prickled bear cactus
(beles), which grow wild or cultivated in large quantities. For four to six months of the year
the population lives solely on theses cactus fruits (Strebel 1979).
However, the life of the Erob people is dominated by chronic famine (due to the erratic
character and lack of rainfall) and for the most part of the year the people depend on
external food aid, remittance, and cash-for-work activities. In addition, the Erob suffers from
land migration and was heavily affected by the border-conflict between Ethiopia and Eritrea
between 1998 and 2000 when half of the Wereda was occupied by the Eritrean army.
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1.1.2 Assabol Floodwater Harvesting Scheme
As an option to for reducing the severe poverty of the inhabitants of the Erob Wereda, the
Adigrat Diocesan Development Action (ADDA) supports this politically forgotten region so as
to promote a sustainable development in that area2 and to improve the living conditions of
the poor farmers. The ADDA was initiated by the local Catholic Church and is currently
supported by foreign NGO’s (Caritas Switzerland, Caritas Luxemburg, Misereor Germany).
The Assabol River Basin Development has started 33 years ago with a sequence of projects
named Adigrat Diocesan Development Action (ADDA). While during its first twenty years
(which were dominated by civil war) the ADDA focused on various activities of soil and water
conservation within the entire watershed of the Assabol river, in 1995 the construction of a
large dam at the Assabol gorge was intitated. The construction of this floodwater harvesting
scheme was considered the only solution for solving the water scarcity within the Erob
Wereda.
The core of this floodwater harvesting scheme is the Assabol dam. This dam is situated in a
very narrow and deep gorge (Assabol gorge), which is cut in a monolith of quartzporphyr. It
is located some hundred meters beside the Erob Wereda capital called Daw Han or about 3
kilometres west of Alitena (see map 3). The dam is supposed to hold back and store a part
of the flood runoff water from the watershed in the rainy season to yield it continuously over
the rest of the year to the people for irrigation and for supplying drinking water for the
inhabitants of that area.
The Assabol Flood Water Harvesting Scheme is expected to be completed in the summer of
2008. The final height of the Assabol dam is planed to be 40 metres and the minimal reliable
water supply of the reservoir is expected to be 20 litres per second once it is finished3. The
irrigation water from the Assabol reservoir cannot be distributed to all the inhabitants of Erob
Wereda but at least to 600 irrigation plots with a size of 500 square metres. This will provide
agricultural safety for about 3,000 peoples. Additionally, it is expected that the Assabol
reservoir is able to deliver water for domestic use for approximately 10,000 people.
Unfortunately, the floods are not only bringing a big amount of water to the reservoir they
transport a lot of sediments into the reservoir as well because the erosion and sediment yield
in the area is very high. Therefore, great amounts of sediments are entering the reservoir
every year and are reducing its volume to store pure water. This problem of storage loss by
sediment depositions was known before the construction of Assabol dam was started and
the volume of the reservoir was planned in a size that even the usable pore space of the
sediments filling the reservoir was expected to be large enough to provide sufficient water at
2

The target area of the entire ADDA project includes parts of the Golomeheda and Seasie Tsaeda
Amba Weredas too.

3

The water intake of the reservoir is at a height of 23 metres in the dam. Therefore, the part of the reservoir
below this level is not used for water supply.
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the dam outlet. These calculations have more the character of estimates based on quite
roughly assumed properties of the sediments filling the reservoir in the future. These early
assumptions (about the sediments filling the reservoir in the future) were primarily based on
the field knowledge of regional experts and on comparison with others similar watersheds4.
Therefore, most of the assumptions about the sediments filling the Assabol reservoir in
future are based on know-how and theoretical expectations conducted mainly before the
dam construction had started. For that reason, an applied field research about the
composition and architecture of the sediments already deposited in the reservoir and the
winning of a better understanding of the water and sedimentation processes in the
watershed plays an important role regarding the harvest and yielding of Assabol floodwater
harvesting scheme for the future. This field research was conducted in summer 2006,
between early July and early September and covered the period with the most hydraulic
activities.

Figure 1: Assabol dam viewed from below

During the field study in summer 2006, the dam had
a height of 32 to 33 metres and the width of the
crest of the dam was about 13 metres. In the dam
body, at a height of 22.5 metres, a sluice gate outlet
is installed. This is a right-angled outlet of one meter
width and one and a half meter height, which can be
closed or opened with a door, operated from the top
of the dam. The gate was installed with the
knowledge of the problematic high sediment input
so as to have a possibility to influence the
sedimentation process in the reservoir at least a bit.
The photo on the left shows the dam from below
with high water release through the gate. During
these high water release situations a lot of
sediments are flushed out of the reservoir too.

During the field study, the reservoir was already filled with
sediments, deposited during the construction phase, up
to the level of the gate outlet. This can be seen on photo
on the right, which shows the dam from above. There is
no backwater (lake condition) in the reservoir and it is to
see that a small river flows out through the gate. The thin
darkish horizontal line on the dam shows the height of the
last backwater.
Figure 2: Assabol dam viewed from above

4

The collection and interpretation of data on sediment loads, water balance and hydrometeorology would have
cost much more than the building of the dam.
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During the entire field study, the gate outlet was completely open because the gate door was
not installed at this point of time. Therefore, only a little river passed through the reservoir
and there was only backwater (lake condition) when the water flow input from the watershed
was bigger than the release through the gate outlet. This scenario took place at the first
phase of each considerable flood. Due to the reduced height of the dam only about the lower
half of the reservoir was affected by backwater. Even with a maximum water level, the upper
part of the reservoir was never affected by the backwater up to now. However, the durations
of the backwaters never lasted more than 24 hours so that the ground of the reservoir was
accessible on foot for most of the time during the field study.

Figure 3: Reservoir affected by backwater (left) and not (right)

The two pictures above were taken from the lower half of the reservoir. The photo on the left
shows the reservoir under backwater situation (lake condition). In the picture on the right
only a little river flows through the reservoir.
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1.2 Overall Aim and Relevance to the Practice
The overall aim of this thesis is to generate knowledge about the sedimentation processes in
the Assabol reservoir system, by focusing on the composition, architecture and hydraulic
properties of the sediment body filling the Assabol reservoir. From the resulting knowledge
findings, appropriate water utilization techniques should be proposed for a successful
management of the reservoir.
To generate knowledge about the sedimentation processes in the Assabol reservoir system
all different parts of the system have to be included. The watershed with its physical
properties is influencing the sedimentation in the reservoir system as much as the properties
of the reservoir itself. Answers to the following research questions will provide valuable
information on the sedimentation process in the Assabol reservoir system:

•

What are the physical properties of the watershed (geology, soil, climate etc.) and
how are they influencing and determining the processes of sedimentation and water
delivery?

•

What is the form and the volume of the Assabol reservoir and what is the relation
between the water level and the water storage volume?

•

What is the water balance of the reservoir?

•

What are the amount and the composition of the water and the solid delivery from
the watershed, by focussing on the temporal and spatial components?

•

What are the amount, the composition, the architecture and the hydraulic properties
of the sediments filling the reservoir?

•

How is the process of sedimentation in the reservoir up to now and what for
sediment processes are to be expected for the future?

•

What techniques of utilization are possible for a successful management of the
Assabol floodwater harvesting scheme?

Description of the Watershed
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Description of the Watershed

The watershed of Assabol reservoir is located direct at the northern boarder of Ethiopia to
Eritrea between Adigrat and Senafe. The major part belongs to Tigray, regional state of
Ethiopia, and the northern part to Eritrea5. The part situated in Tigray belongs to the Erob
and Golomeheda Weredas (map 1).

Map 2: Map of Ethiopia with watershed (Google Earth, with some additions by Strebel)

The watershed is situated in the upper escarpments between the Highland in the West and
the Lowland in the East (Danakil Desert). According to Strebel (1979), the area of the
watershed is about 450 km2. The maximal altitude of the watershed is over 3,025 metres and
the lowest point, at dam location in the east, has an altitude of about 1,950 metres. The dam
is located close to Daw Han the new administrative centre of Erob Wereda, in a distance of
about 3 kilometres west of Alitena (traditional and church centre).

5

The border between Ethiopia and Eritrea is still disputed and the complex issue shall not be discussed in this
thesis. Even though the location of the border line is well known to local people the dispute between Eritrea and
Ethiopia arose about the exact location of the colonial border. This has led to a bloody war between May 1998
and May 2000 and has led to the loss of the lives of over 100,000 peoples. The international border commission
from the Den Haag Court has proposed new border alignment based on old treaties between Italy and Ethiopia,
however Ethiopia has not accepted this proposal yet.
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Map 3: Map of the watershed (Defense Mapping Agency Centre Washington with some additions by
Strebel)
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2.1 BioBio-physical Background
2.1.1 Geology
The watershed is situated in the escarpment created by the uplifting of the Ethiopian
landmasses during the Tertiary Period. This camber is hardly influenced by tectonics
processes where many step faults, rifts and upheavals have taken place (Strebel 1979) and
result in a wild and steep mountain area. The high energy of the relief was leading to an
intensive formation of deep valleys.
The geology of the area is complex in its spatial distribution, lithological variation and age
limit. The rocks include Precambrian basement rocks and intrusives, the Palaeozoic
sedimentary strata and Quaternary deposits. Generously it can be noted that stratigraphic
the main part of the watershed is made up of rocks from the Precambrian basement. The
biggest part of the catchment is composed of the highly folded Tsaliet Group (Arkin 1971 in
Strebel 1979) which reaches a thickness of over 1,500 metres. This Tsaliet Group consists
of grey-green to brown-red schist containing lenses of quartz, epitod and calcspar.
Sometimes thin shallow interface layers of white and red quartzite, of dark limestone and
light green marble are found. Plutonic granite and granodiorit and younger intrusions of
quartzporphyr cut on some places the schist rock. At some places in the lower watershed the
geology is made up from another Precambrian sediment, the Didikana Formation, composed
from dolomite and greywacke. The upper part of the watershed is made up from white,
coarse-grained Mesozoic sandstone, the Enticho Sandstone. In the channel network,
Quaternary sediments are found on the base of the streambed or deposited collateral of the
river as terraces. Quaternary deposits are sometimes deposited in small-scale topographic
basins within the watershed too.

Map 4: Geological map of the watershed (Garland 1972 adapted by Strebel)
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2.1.2 Topography and Relief
The Assabol watershed is located in the eastern escarpment of the Tigrean Plateau in the
direction of the Danakil Depression. The highest peak reaches 3,025 m above sea level,
whereas the lowest valleys are only approximately 1,950 m asl.
Two different altitudinal zones can be
distinguished6: about 25% of the watershed lies
above 2,400 m asl in the agroecological belt
“Dega” and about 75% lies between 1,900 m
and 2,400 m asl and belongs to the “Weyna
Dega” belt.

Map 5: Agroecolocigal belts within the watershed
(Source: Defense Mapping Agency Centre
Washington adapted by Strebel)

The major part of the watershed is a wild mountainous region with steep slopes and strongly
dissected by river valleys. However, in the most upper and western part of the watershed flat
areas with little gradient occur as well. On
the bottom of the major valleys, the
watershed is flattish too.

Map 6: Flat areas in the watershed (Source:
Defense Mapping Agency Centre
Washington adapted by Strebel)

6

A small part of the watershed is located above 2,800 m asl and belongs to the Wurch. However, the area of this
part located at the southeast border of the watershed is negligible.

Description of the Watershed

11

2.1.3 Soils
Unsustainable practices of land use in the steep area have lead to dramatic soil erosion.
Resulting out of this, huge areas in the watershed were degraded to bare rock desert. In the
area still covered by soil five different main types of soil can be distinguished (Strebel 1979).
Two of them are the result of the schist of the Tsaliet Group, one has plutonic bedrock and
the final two have got alluvial character.
The grey-brown loamy soil, a product of the Tsaliet group rocks, covers the biggest area of
all the five soil types. The thickness of this grey-brown loamy soil is rarely over 50 cm in
height and its water retention capacity is limited. The Red Soil (or Kalla Assa in Erob
language) is the other soil emerged from the Tsaliet group. This soil is important for the
agriculture though covers only some flat terraces and wide bottoms of valleys. Therefore, not
more than 1% of the watershed surface belongs to the Kalla Assa soils, which clay content is
bigger then the one of the grey brown loamy soil. These Red Soils are profound with a depth
of one to two metres. The water retention capacity of these deep soils is quite high. The
White Soil is the product of the Enticho sandstone in the upper part of the watershed. These
soils are sandy and have a flat profile (often not deeper than 10 cm) and therefore a low
water retention capacity. Light grey soils are the result of the plutonic bedrock. They have
got a high content of quartz sand and glimmer, a small thickness and are not suitable for
agriculture. Their water storage capacity is low. The two other types of soil found in the
watershed are alluvial soils. One of these soils is located along the main rivers built up out of
material delivered and accumulated by the river. The other alluvial soil is accumulated in
topographic basins where the energy of the relief initiates deposition. These soils are quite
deep and have a considerable water storage capacity.
Important to note is that a considerable part of the watershed has bare rock on the surface
(75%: oral information of B. Strebel 2007). Big parts of the soils developed in ancient times
were eroded because of the high relief energy, droughts, unsustainable land use and the
intensive rainfall. In the newer past, there were not good circumstances for a development of
a soil, especially due to the dry climate. The soil-covered part of the watershed is mostly
containing thin soils with a small water retention capacity. Thick soils with a high capacity to
retain water are rare. As a result of these factors, the water retention capacity of the
watershed is limited.

2.1.4 Land Use
The watershed has got very limited natural resources, but nevertheless a big number of
people are living in this extremely scant area. Especially within the Erob Wereda, all places
that offer minimal chances for agriculture production are used. Even though, holdings of
farmland per family are less than 0.2 hectares (Ethiopian Catholic Church 2004). “The major
crops cultivated include barley and wheat from cereals, field peas, horse bean, lentils and
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chickpea from legumes and linseed from oil crops. Maize, sorghum and teff are long season
crops grown only when there is rain during the months of April to May. The productivity of
these crops does not exceed 300 – 400 kg per hectare” (Müller 2005: 5). Livestock holding is
more important in the watershed than agricultural production and is based mostly on
uncontrolled grazing, resulting in overgrazing and the destruction of the sparse vegetation
cover. Never the less the plant and animal production of the area can never assure food
security and people strongly depend on aid. Therefore, the scant and overpopulated
watershed is unsustainable overexploited by the people, what is leading to dramatic soil
erosion and loss of other important resources. The part of the watershed used for agricultural
activities is assumed by Strebel (oral information) to be about 25%, thereby 30% is used for
cactus cultivation, 50% for rain fed grain and pulses production and 20% land for fodder
production (pastures etc). An increasing part of approximate 10% of the crop fields are today
equipped with flood/spate irrigation facilities.

2.1.5 Vegetation
The present description of the vegetation is based on the vegetation classification and
nomenclature of Knapp (1973) and taken from Strebel (1979). In the situation of more or less
consistent geological, pedological and orographical conditions, the vegetation sequence
correlates with the climatic altitudinal zonation. In the watershed, two main vegetation zones
can be distinguished: In the lower part (1,900 m – 2,400 m above sea level) Succulent
Euphorbia Woodlands are located, whereby in the upper part, higher than 2,400 m asl, OleaJuniperus Procera Forests are growing (Knapp 1973 in Strebel 1979).
Continuous forests are hardly found anymore in the watershed. The anthropogenic influence
in the area is this strong that nearly no natural formations can be found anymore. There is
also an absence of grass or herb layers in the watershed. Therefore, the vegetation in the
watershed is very scarce according to hard climatic conditions and especially to
anthropogenic over use of the past centuries.

2.2 Climatic
Climatic and Hydrological Aspects
Different altitudes and the orographical variety in the watershed area result in small-scale
climate differentiations spatial and temporal. Unfortunately, nearly no climate data were
recorded in the watershed itself up to now. It is also difficult to gain climate information from
places with quite similar geographical properties: the meshed net of climate station in
Ethiopia is wide and series of measurements are often inexact, to short or fragmentary too.
They only show tendencies and do not allow detailed analysis. For the thesis climatic
information about the precipitation and the evaporation are sufficient.
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2.2.1 Precipitat
Precipitation
The locals of Erob Wereda distinguish three rainy seasons per year, whereby for almost the
whole dry season it can be stated that there is no rainfall. Main rainfall takes place in
summer from end of June until to the beginning of September; this rain is called Krempt rain.
Before this, in the months March until May, the Belg rain takes place. Sometimes little rain
falls in November, which is called the Barit rain.
The summer rains are determined by the Guinea monsoon, which brings wet air from the
Atlantic Ocean (Gulf of Guinea) (Widmoser 1974). This air from the west has to climb the
Ethiopian Highland and is spending adequate orographical rain for the main part of the
Highland. However, the watershed located in the eastern escarpment between the Highland
and the Lowland is situated in the rain shadow. The wet air from the west is not forced to
climb anymore over this area and as a result, there is much smaller rainfall amount in the
watershed than in the western Highland areas. The upper part of the watershed in the west
gets more rain than the eastern lower part of the watershed.

Figure 4: Location of the watershed in the rain shadow

Due to the location in the rain shadow, the watershed is greatly affected by lack of sufficient
rainfall. The average annual rainfall in the watershed is not exactly known, there exist no
quantitative long time data series of the precipitation of the watershed up to now. This would
be especially important because of the huge annual differences concerning rainfall. But by
including different sources and aspects from the Ethiopian Atlas, ADDA Project Papers,
Widmoser, Strebel, the Agriculture office in Daw Han as well as own rain gage
measurements the annual average of rainfall of the watershed is estimated to be around 450
mm per year (annex 1). The precipitation in the upper part of the watershed is estimated to
be for about between 500 mm and 600 mm and the precipitation in the lower part for about
between 350 mm and 400 mm per year. Most of the rain falls intensively, often as convective
storms, with very high rainfall intensity (10 mm to 30 mm in 10 min to 60 min) and extreme
spatial and temporal variability (Strebel 1979). According to Strebel, nearly two thirds of the
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annual rain falls in Krempt (Strebel 1979). However, all of these general values have to be
regarded with caution because the rainfall is highly erratic in the watershed and extreme
variable in space and time. The result is that there is a very high risk of droughts and intraseasonal dry spells.

2.2.2 Evaporation
Evaporation
Information to the potential evaporation rates in this area could only get found from Strebel
1979 and deduced from literature handling with evaporation in similar areas. The annual
potential evaporation measured by Strebel in the years 1975, 1976 and 1977 in Alitena is
between 2,100 and 2,300 mm (Strebel 1979). In comparison to this the long annual average
of the potential Evaporation in Asmara (Eritrea) is 1,970 mm (Kolb 1996). Therefore, an
annual potential evaporation of 2,100 mm for the watershed seems to be adequate to
assume.

2.2.3 Water Household
According to Strebel (1979), in all months of the year the potential evaporation is higher than
the accordant precipitation. That the rivers in this area even carry water is only the result of
the unbalanced temporal diffusion of the precipitation and the geomorphologic and
topographical properties of the mountain area. The water balance in the watershed below is
taken from Strebel (2004).

Figure 5: Water balance of the area (Strebel 2004)
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The precipitation of the upper escarpment and of the watershed is little different from the
precipitation evaluated for this thesis. However, the central point of the figure above is that
the biggest water resources in the catchment area are provided by floods from the Highland.
The potential for floodwater harvesting is four times bigger than for local runoff harvesting
and twelve times bigger than the groundwater potential.

2.2.4 Runoff Regime
In the watershed, the runoff reacts direct and fast to the rainfall. The main reasons for this
fast reaction are the intensive characters of the rainfall, the steep topography with its high
relief energy, the limited water storage capacity of the soil/rock and the spare vegetation in
the watershed. Due to the temporal and spatial inhomogeneous annual rainfall pattern and
the direct runoff reaction to the rainfall the rivers in the watershed are most of the year dry
and carry only water during flash flood events, mostly in the rainy season.
The runoff is dominated by hortonian processes. The rainwater collects in micro depressions
until it overflows and creates a chain reaction and constant flow along the rills of the rough
relief. Rain intensity mostly decides about the start of subsurface slope runoff. Various
observations indicate that only intensive rainfalls with more than 15 mm can create shed
runoff and subsequently flood formations in the drains (Strebel oral information 2007).
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Part II: THEORY AND METHODS

3

Theoretical Background
Background

3.1 Parameters and Processes of the Runoff Formation under
Flood Hydrology
The general runoff equation is

Q = C ⋅ A ⋅R

(1)

Where Q = total runoff of the watershed in cubic meters per season, C = runoff coefficient,
A = watershed area in m2 and R = total rainfall per season in m.
The runoff coefficient C represents the proportion of rain, which becomes runoff. This
proportion is dependent on many factors: the topography, the drainage pattern, the
vegetation, the infiltrate rate, the soil storage capacity, the climatic factors, etc. (Niederer
2004). It is a weakness of the equation above to combine all these factors to a single runoff
coefficient C. For the reason that the watershed is located in a dryland area, which is
determining the coefficient C mostly, it seems more important to give here some information
to typical dryland runoff processes as following:
Most of the rivers in dryland area, including the rivers in the Assabol watershed, are
ephemeral. They only flow occasionally and remain dry for most of the year. According to
Ward’s definition for a flood: ”A flood is a body of water which rises to overflow land which is
normally submerged” (Wards 1978 in Graf 1998: 83) the runoff in most dryland areas and in
the watershed is characterized by flood hydrology. Under a strict point of view of the
definition above, a flood event occurs whenever there is water in the normally dry channel,
irrespective of the amount of water. For this thesis it is helpful to distinguish the first stadium
of the flood event, when the river leads big amounts of turbulent, brown water, and the
stadium at the end of a flood event, when the river flow is decreased heavily and consists
mainly of quite transparent water. This quite transparent water is retained and yielded
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primarily from the channel network with its quaternary sediments. The first stadium should be
defined as high flood situation for this thesis and the end stadium as the after flood flow.
Dryland regions generally have poor soil development and relatively little vegetation,
therefore runoff processes in dryland areas are dominated by Hortonian runoff (over the
surface after initial pounding), while shallow subsurface, saturation surface or ground water
flows appear to be relatively unimportant (Yair and Lavee 1985). Therefore, the peak
discharges for maximum floods in similar sized basins are larger in dryland areas than in
areas with a humid climate. Lack of vegetation and limited soils also lead to shorter lag times
between rainfall and discharges events in dry lands (Graf 1998).
Floods in dryland rivers are generally of four types (Graf 1998): flash flood, single peak flood,
multiple peak events and seasonal floods. In the Assabol watershed the flash flood type is
dominant. Flash floods almost take place in combination with conventional precipitation and
thunderstorms (International Association of Hydrological Sciences 1974 in Graf 1998). Most
thunderstorm cells are relatively small with diameters of about 8 km (Morgan 1966 in Graf
1998) and therefore flash floods in drylands are limited to basin areas of 100 km2 or less. If
there is a flash flood, the stream flow increases from zero to a maximum within a few
minutes or at least a few hours, and is often associated with an advancing front or wall of
water. The wave of water is usually turbulent, has large amounts of air creating foam, and
may push debris before its main mass. The rapid rise of the water level in the channel
produces hydrographs with vertical rising limbs.

3.2 Erosion in Dryland
Dryland Areas
Concerning the sedimentation in the Assabol reservoir, two types of Erosion are important.
The shed erosion from hill slopes delivers the material to the channel network. In the channel
network, what is intensive in the watershed, the fluvial river erosion mobilizes the sediments
in the riverbed. The mobilized sediments were transported by the river flow downstream in
direction to the reservoir.

3.2.1 Erosion from Hillslopes and Contribution of Sediments to
Channel Systems
Estimations of erosion and contribution of sediment to channel systems are difficult to be
made because many factors control the process and because accurate measurements are
scarce (Graf 1998). Sediment is shed from hillslopes into the channel networks in varying
quantities depending primarily on climate (precipitation and run-off, temperature, wind speed
and direction), geotechnics (geology, volcanic and tectonic activity, soils), topography (slope,
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catchment orientation, drainage basin area, drainage density), vegetation and finally land
use and human impact (Knighton 1984).
There exist a lot of different estimation methods or formulas to assume the erosion. Most of
them are soil loss functions; here The Universal Soil Loss Equation should be taken as one
possible example (Graf 1998: 126):

A = 0.224 ⋅ R ⋅ K ⋅ L ⋅ S ⋅ C ⋅ P

(2)

Where A = soil loss (kg m-2), R = rainfall erositivity factor, K = soil erodibility factor, L = slope
length factor, S = slope gradient factor, C = cropping management factor and P = erosion
practice factor.
The Universal Soil Loss Equation is the most widely used estimator of slope erosion and
slope sediment production (Graf 1998), but even though in many dryland areas empirical
research has not verified the values of the various factors. In addition, the rainfall erositivity
index is unknown for most dryland areas (Graf 1998). Another difficulty is that the basis of
equation is from standard measurement plots of relative small sizes, so that it is not likely to
be an accurate model of complex processes on larger scales. The most fundamental issue
with the use of the Universal Soil Loss Equation is that the equation is especially designed
for agricultural applications. “To use the equation over a large drainage basin in a nonagricultural dryland settings is an intellectual extrapolation that may not be valid and that
may violate many hidden underlying assumptions in the method” (Graf 1998: 129). The
pacific Southwest Inter-Agency Committee developed an alternative to the Universal Soil
Loss Equation specifically to accommodate the non-agricultural dryland conditions in the
southwestern United States (Graf 1998):

Y = 0.0816 ⋅ e 0.0353 x

(3)

Where Y = annual sediment yield (acre ft mi-2), e = base of the natural logarithm system and
x = the sum of the assigned values for nine rating factors.
The nine rating factors (their sum result in x) can be decided from the table following on the
next page:
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Table 1: Rating values for erosion factors in the Pacific Southwest Inter-Agency Committee Method
(Pacific Southwest Inter-Agency Committee 1968 in Graf 1998: 128)
Factor

Minimum

Maximum

Characteristics

Surface geology

0

+10

Rock type, hardness, weathering, fracturing

Soils

0

+10

Texture, salinity, organic matter, caliche, shrink swell,
particle size

Climate

0

+10

Storm frequency, intensity, duration, snow, freezethaw

Runoff

0

+10

Volume per unit area, peak flow per unit area

Topography

0

+20

Steepness of upland slope, relief, fan and flood-plain
development

Ground cover

-10

+10

Vegetation, litter, understory

Land use

-10

+10

Percentage cultivated, grazing intensity, logging,
roads

Upland erosion

0

+25

Rills, gullies, landslides, Aeolian deposits in channels

Channel erosion

0

+25

Bank and bed erosion, flow depths, active headcuts,
channel vegetation

There exist many different equations to predict the erosion or the annual sediment yield in a
region. The two methods above represent two possibilities. However, it has to be mentioned
that the correlation between erosion and sediment yield is surprisingly poor, because only a
part of the eroded sediment will be transported down the catchment to be deposited in a
reservoir (White 2001). The efficiency of the transport process is expressed by the sediment
delivery ratio, SDR, which is the proportion of the sediment eroded from land that is
discharged into rivers (Morgan and Davidson 1986 in White 2001).

SDR =

SY
E

(4)

Where SDR = sediment delivery ratio, SY = sediment yield and E = erosion per unit area
According to White (2001), the values of SDR vary from 3% to 90%, decreasing with greater
basin area and lower average slope. Beside to the watershed size and steepness, the
sediment delivery ratio is influenced by several factors (White 2001). The SDR generally is
higher for sediment derived from channel-type erosion, which delivers sediment to the main
channel of the transport system more quickly, and directly than from sheet erosion. Channel
networks with a high drainage density are more efficient for transporting sediment than
catchments with a low channel density. Finer particles are transported more easily than
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coarser particles and therefore for soils with fine-grained erosion particles the SDR is higher
(only the silts tend to be more erosive and produce higher delivery ratio than clays). Another
factor influencing the SDR is the presence of depositional area within the catchment,
whereby most of the sediment eroded may be redeposited at the base of slopes (White
2001). Many highly variable physical features affect the SDR and therefore there exists no
precise procedure to estimate SDR, but the relationship between SDR and other factors
have been established as curves. The most widely accepted method, according to
Ouyangda et al. (1997), is the relationship between sediment delivery ratio and drainage
basin area, for example Vanoni (Vanoni 1975 in White 2001) developed the equation

SDR = 0.42 ⋅ A −0.125

(5)

Where A = drainage area in square miles
Areas with the highest yield of sediment generally occur in the earthquake regions of the
earth. The catchment and the whole Ethiopian Highlands are in an earthquake region,
initiated by the east African ridge complex. In the map showing the global variation in yield of
annual suspended sediment it is shown that the watershed is located in an area with high
annual suspended sediment yield.

2

Map 7: Global map showing yield of annual suspended sediment in tons per km per year (Walling
1984 in Annandale 1987: 100)
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3.2.2 Sediment Erosion in River
River Channels
Channels
Water flowing in an open channel is subject to two principal forces: gravity, which acts in the
down slope direction to move water at an acceleration of g ⋅ sin β where g is gravitational
acceleration (= 9.81 m/s2) and β the angle of the slope; and friction, which opposes down
slope motion. The relationship between these two forces ultimately determines the ability of
flowing water to erode and transport debris (Knighton 1984). The ability of a river to move
sediments is related to the force, stress or power of the flow. Shear stress refers the amount
of stress or drag applied to a unit area of the bed of the channel (Graf 1998: 88):

τ0 = γ ⋅ R ⋅ S

(6)

Where τ0 = shear stress (N/m2), γ = specific weight of water (N/m3), R = hydraulic radius (m),
and S = slope.
The shear stress is the drag exerted on a unit area of the channel bed, but this quantity is a
spatial average that does not necessarily provide a good estimate of bead shear at a point.
Recognizing this limitation, the critical shear stress τcr exerted on a particle can then be
defined by equating the two sets of forces involved. On one hand applied forces exist (fluid
forces and the down slope component of the particle’s submerged weight) and on the other
hand there are resisting forces (the component of the particle’s submerged weight acting
normal to the bed and any constraining forces due to neighbouring grains) (Knighton 1984).
Therefore, for spherical grains of diameter D on a flat bed, equating the moments of forces
acting about a downstream contact point (figure 6) gives (Knighton 1984: 57)

τ cr = η ⋅ g ⋅ (ρ s − ρ ) ⋅

π
⋅ D ⋅ tan φ
6

(7)

Where τcr = critical shear stress, g = gravity constant, ρs = sediments density, ρ = fluid
density, η = degree of grain packing and D = grain diameter.
This elementary deterministic model predicts that the shear stress needed to initiate
movement increases with particle size, grain shape and degree of packing also being
influential. According to Knighton (1984), the equation above has been expressed in many
ways, most notably by Shields (1936) who recognized that critical shear stress depends not
only on particle size but also on bed roughness.
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Figure 6: The Shields’ entrainment function (Shields 1936 in Knighton 1984)

The resultant plot above relates a dimensionless critical shear stress (θ) to a particle
Reynolds number (D/δ; where δ is the thickness of the laminar sub layer) which defines the
bed roughness condition. The plot separates not only zones of motion and no motion but
reveals that the relationship between threshold stress and particle size is not as
straightforward as a simple resolution of forces would suggest at first. Another approach
from Hjulström defines the critical condition to move particles in terms of velocity rather than
shear stress, but the same basic trends are revealed.

Figure 7: Erosion and deposition criteria defined in terms of threshold velocities (After Hjulström 1935
in Knighton 1984)

Two points of the figure seem to be important. First, sand (0.06 mm – 2.0 mm) is more easily
to move than larger and smaller size fractions, where medium sand (0.25 mm – 0.5 mm) is
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the most easily eroded fraction. The fine grained particles, silt and clay, are more cohesive.
Secondly, the velocity required to entrain material is higher than that needed to transport it.
This applies particularly to the smallest grain sizes, which, once entrained, can be
maintained in suspension at extremely low velocities
The concept of a critical shear stress or velocity necessary for erosion is appealing, at least
in theory. However, these approaches have important limitations according to Knighton
(1984). “Short-term pulsations in the flow can give rise to instantaneous stresses of at least
three times the average, so that particles may be entrained at stresses much lower than
predicted. Sediment entrainment is a function not only of the average shear stress on the
bed but also of the intensity of turbulence above it, which can exert an impulse force on
grains…. Natural bed material is neither spherical nor of uniform size. Larger particles may
shield smaller ones from direct impact so that the latter fail to move until higher stresses are
attained” (Knighton 1984: 57). “The many factors involved are difficult to accommodate
theoretically. The heterogeneity of natural streambeds and the variability of flow conditions in
the bed region limit the applicability of deterministic models and results obtained from
laboratory studies. However, field tests remain very difficult to make. A further dimension to
the problem is provided by the cohesivity of some stream beds where threshold criteria
appear to be less relevant” (Knighton 1984: 60). “The erosion of cohesive sediment presents
a different and more complex problem. The forces resisting motion include not only those
associated with particle weight but also the electro-chemical forces, which bind the material.
Such forces cannot be uniquely expressed as a function of particle size or similar variables.
The limited data available suggest that there is no critical shear stress for the erosion of
cohesive material like there is for cohesionless grains. Erosion takes place in aggregates
rather than particle by particle” (Knighton 1984: 60).

3.3 Sediment Transport in River Channels
Channels
The sediment transported in river channels can be divided into three components (Knighton
1984): the dissolved load consisting of material transported in solution, the wash load
comprising particles smaller (< 0.064 mm diameter) than those usually found in the bed and
moving readily in suspension and the bed-material load including all sizes of material
(> 0.064 mm diameter) found in significant quantities in the bed. The wash load moves in
suspension at approximately the same speed as the flow. “The bed material load may be
transported as bed load, when particles move by rolling, sliding or saltation at velocities less
than the surrounding flow, or as suspended load, when particles are transported and
maintained in the main body of the flow by turbulent mixing processes” (Knighton 1984: 64).
The amount of dissolved load is usually minimal (Graf 1998) and should be neglected here.
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Figure 8: Components of total sediment load (Dendy et al. 1979 in Morris and Fan 1998)

Although the suspended load and bed load account for almost all the sediment transported
in fluvial systems, the relative importance of each process is different for each hydrological
system.
There is an important distinction between supply-limited and capacity-limited transport.
“Much of the material supplied to streams is so fine that provided it can be carried in
suspension, almost any flow will transport it. Although an upper limit must exist in theory, the
transport of this fine fraction is largely controlled by the rate of supply rather than the
transport capacity of the flow” (Knighton1984: 64). In contrast, the transport of coarser
material (> 0.064 mm) is limited by the capacity of the stream (Knighton 1984). Bagnold
(1966, 1977) introduced the concept of unit stream power, which he related to the capacity of
the stream. Capacity refers to the total amount of sediment that the stream is capable of
transporting. Unit stream power represents the power exerted on a unit segment of the
channel cross section and equal to shear stress times velocity or

ω = γ ⋅D ⋅ S ⋅ V

(8)

Where ω = unit stream power (Nm-1s-1), γ = unit weight of water (Nm-3), D = depth (m),
S = Slope and V = mean velocity (ms-1).

3.3.1 Suspended Sediment Load
Load
The suspended load moves in suspension at approximately the same speed as the flow and
only settles out where flow velocities are much reduced (Knighton 1984). Suspended
sediment in river channel varies over space and time because of varying characteristics of
the sedimentary particles and the flow, which transports them. As a result of the variable
runoff the suspended sediment in dryland rivers change over the average. Furthermore, it is
complicated to understand the suspended loads because they can originate from two
different sources. The suspended load can be wash load derived from direct contribution
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from slopes or material derived from the bed and banks of the river (Graf 1998). This
distinction is especially important for dryland rivers, because the wash load of the slopes is
likely to be highly discontinuous over time and space, in contrast to a quite constant input
from banks and bed (Graf 1998). The rate of wash load is principally determined by its rate
of supply from the drainage basin rather than the transport capacity of the stream, while bed
and bank erosion is partly dependent on flow characteristics. According to this, the wash
load is not directly a function of stream discharge but nevertheless the total of the suspended
sediment load is often put in relation with the discharge of the river. According to Graf (1998:
142), the concentration of suspended sediment is directly related to discharge by the
function

c s = a ⋅ Qb

(9)

Where cs = sediment concentrations (ppm or mgl-1), Q = flow discharge (m3s-1), and a, b =
empirical constants (b usually between 1 and 2).
The formula shows that increasing discharges result in increasing sediment concentrations.
The increased wetted perimeter and greater opportunity to entrain material, resulting from
the higher stages of increased discharges, increase the suspended sediment load in dryland
rivers. “In dryland areas increased discharges are also likely to be associated directly with
slope runoff which contributes to the suspended load by wash load additions” (Graf 1998:
142).
“The vertical distribution of suspended sediment in the flowing water depends on the particle
size (which influences the settling velocities) and turbulence. When the particles are small
and/or the turbulence is great, the distribution of suspended sediment is relatively uniform
throughout the depth of flow and the vertical concentration gradient is flat. If the particles are
large or the flow is not turbulent, a relatively steep gradient of sediment concentration is the
result” (Graf 1998: 142). Higher sediment concentrations are found at the bottom of the
stream. Under these circumstances, suspended sediment measurements are difficult (Morris
and Fan 1998 and Graf 1998)

3.3.2 Bed load Sediment Transport
The ephemeral dryland rivers normally are, in contrast to humid area rivers, burdened with
large quantities of sediment of highly variable sizes. However, “because bed load accounts
only for a small percentage rate of the total load of most rivers in humid areas, where stream
gauging techniques have generally developed, understanding of bed load processes and
methods of measurements in dryland rivers have lagged behind similar efforts concerning
the suspended load” (Graf 1998: 144). The collection of bed load samples is also
complicated by the unstable nature of many natural streambeds and by the disturbance of
the transport process by the sampling instrument. Therefore, most mathematical and
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statistical models of bed load transport rely on laboratory flume experience rather than field
investigations (Graf 1998).
The rate of bed material transport is almost entirely a function of the transporting capacity of
the flow. There are a number of sediment transport equations to calculate the maximum
amount of material (capacity) that can be carried for given conditions of the flow fluid and
sediment (Knighton 1984). The most widely used model to assess the bed load sediment
discharge is the “DuBoys equation”

q s = χ ⋅ τ 0 ⋅ (τ 0 − τ cr )

(10)

Where qs = bed load sediment discharge (N/m2), χ = a characteristic sediment coefficient
(related to the thickness of the layers of sediment and the critical shear stress or tractive
force required for particle movement (m)), τ = shear stress (tractive force; generated by the
flowing water (N/m2)) and τcr = critical shear stress (tractive force; the amount needed to
initiate the motion of particles (N/m2)).
“DuBoys reasoned that the amount of bed load sediment transported depends on velocity
shear at the base of flow, the difference between the velocity of flow on the ground of the
bed and the maximum velocity of flow in the water. He suggested that particle motion begins
at that point at which the shear stress is great enough to overcome some critical value” (Graf
1998: 146). “DuBoys assumed that the sediment in the depth is stationary and the overlying
sediment moves in sheets at increasing velocities until in the maximum velocity section of
the flow moves the particles at the same velocity as the water” (Graf 1998: 146). However,
many researchers found that sediment does not move in the way of sliding layers as DuBoys
suggested (Graf 1998). Even though the DuBoys function was the initiant for many other
improved functions to assume the bed load discharge. Barekyan (1962 in Graf 1998: 148)
suggests one improved version in nondimensional form:

{

}

{

qs = 0.187 ⋅ γ ⋅ ( γ s ) ⋅ ( γ s − γ ) −1 ⋅ qS ⋅ (u − u cr ) ⋅ (u cr ) −1

}

(11)

Where qs = bed load discharge rate, γ = unit weight of water, γs = unit weight of sediment,
q = water discharge, S = energy gradient, u = velocity flow and ucr = critical velocity of flow at
which particle motion begins.
According to Barekyan (1962), the equation prediction suit favourably with data collected in
the Soviet Union and with data by Gilbert (1914), but Simons et al. (1965) reported more
limited success (Graf 1998).
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3.3.3 Sediment Transport
Transport in Pulses
Models for suspended load, bed load and total load depend on the assumption of a
continuously operating process with a representative mean condition. But observation out in
the field show that even though the water moves through representative cross sections in a
continuous stream, the sediment movement through the system is characterized by series of
pulses or waves (Graf 1998). It will be a future challenge to integrate this irregularity of
sediment transport in representative models.

3.4 Reservoir Sedimentation
3.4.1 Parameters and Processes of Reservoir Sedimentation
“The final element of the process triumvirate, the deposition, has received comparatively less
attention from the researchers” (Knighton 1984: 81). As natural streams enter reservoirs, the
stream flow depth increases and the flow velocity decreases. This reduces the sediment
transport capacity of the stream. Deposition begins once the flow velocity falls below the
settling velocity of a particle, which for a given particle size is less than that required for
entrainment (compare fig. 7). “Settling velocity is closely related to particle size, so that the
coarsest fraction in motion should be deposited first with progressively finer grains settling
out as the flow velocity continuous to fall. The net effect is a vertical and horizontal
(downstream and transverse) gradation of the sediments” (Knighton 1984: 81). At the upper
end of the reservoir a backwater delta is formed which gradually advances toward the dam
of the reservoir (Annandale 1987).
Individual deposited sediment particles are best described by their lithology, size and shape.
There is no international agree upon standards for the verbal description of particle size, for
this thesis the German scale is used:

Table 2: German particle size scale (DIN 4022 Bl.1 in Mathess 2003: 22)

Cobbles

> 60 mm

Gravel

2 – 60 mm

Sand

0.06 – 2.0 mm

Silt

0.002 – 0.06 mm

Clay

< 0.002 mm

Reservoir sedimentation is a complex process that varies with watershed sediment
production, rate of transportation, and mode of deposition. Reservoir sedimentation depends
on the river regime, flood frequencies, reservoir geometry and operation, flocculation
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potential, sediment consolidation, density currents, and possible land use changes over the
life expectancy of the reservoir (Julien 1995). The life expectancy of a reservoir indicates the
time at which a reservoir is expected to become entirely filled with sediments. When the
sediment input is known, the sedimentation of the reservoir and the annual loss of storage
due to sedimentation can be calculated as follows (combination of Scheuerlein 1987 and
White 2001):

dVL =

Min ⋅ t E
Vr

(12)

Where dVL = annual loss of storage in %, Min = sediment input of the reservoir in m3/year,
Vr = original volume of the reservoir and tE = trap efficiency of the reservoir in %, defined as
percentage of the incoming sediment that stays in the reservoir.
According to Scheuerlein (1987), the determination of the trap efficiency is subject to
controversy. The trapping efficiency of a reservoir depends on many factors: Below two
methods to assume tE are showed, whereby different parameters are considered as being of
significance influence on the trap efficiency by the two authors. Today most credit for a
successful assumption of the trap efficiency tE is given to the curve of Brune (Scheuerlein
1987).

Figure 9: Trap efficiency curve of Brune (Vischer 1981)

The red marks in figure 8 and 9 represent the conditions existing for the Assabol reservoir.
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Figure 10: Trap efficiency curve of Brown (Scheuerlein 1987)

The trapping efficiency depends on the volume of water in the reservoir, which in turn
depends on the reservoir’s water level. In most reservoirs, particularly in those used for
annual water storage and supply, water levels vary throughout the year. The flushing of
sediment presented in the next chapter demands large fluctuation in the reservoir’s water
level as well and hence the application of Brune’s or Brown’s curves pose some problems
(White 2001).

3.4.2 Sediment
Sediment Removed From Reservoirs
Reservoirs through Flushing
Flushing
There are possibilities to influence sedimentation in the reservoir (Basson et al. 1996): One
possibility is to minimize the sediment loads entering the reservoir through soil and water
conservation programmes, upstream trapping of sediments or bypassing of high sediment
loads. Another possibility to minimize sediment deposition in the reservoir is sluicing.
Sluicing is the passing of sediment-laden floodwater through the reservoir after decreasing
the water level. On the other hand, flushing is used to remove already accumulated
sediments. In order to do this the water level should be reduced. Sediments can also be
removed by using dredges or other machineries (Basson et al. 1996). Only some of these
methods can be used at the Assabol reservoir. One of them is flushing, which will be
presented in the following paragraphs.
One way of preserving reservoir storage is to flush sediments through purpose built outlet
works within the dam. “This flushing technique is vital for the preservation of long-term
storage in reservoirs where the sediment deposition potential is greater than 1 to 2% of the
origin capacity” (White 2001: 9). Nevertheless, this technique is only effective under certain
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favourable conditions and is not applicable universally. For effective flushing, the following
factors need to be considered (White 2001):
•

Hydraulic conditions required for efficient flushing:
“Riverine conditions must be created in the reservoir for a significant length of time
period. The reservoir level must be hold low throughout the flushing period, possible with
minor fluctuation to activate sediment movement. To achieve this, the hydraulic capacity
of the bypass must be sufficient to maintain the reservoir at a constant level during the
flushing period. The flushing discharge has to be at least the double of the mean annual
flow whereby flushing volumes of at least 10% of the mean annual runoff should be
anticipated” (White 2001:7/8). Therefore, sediment flushing can be used at reservoirs
where the annual runoff is large compared to the volume of the reservoir and where there
is a regular annual cycle of flows and a defined flood season (White 2001).

•

Mobility of reservoir sediments:
The character and quantity of river sediments are important factors in determining
whether the quantity of water available for flushing is sufficient to remove the desired
quantity of sediments out of the reservoir. “The graded bed sediments produce
conditions which are the most conductive to the efficient flushing of sediments. Such
conditions are typical for gravel rivers with a varying bed material composition” (White
2001: 59). According to White, in large rivers this situation is found when the longitudinal
bed gradient lies between 0.001 and 0.002. In smaller rivers, the equivalent range may
be between 0.002 and 0.005. Only from the point of view of sediment size, “delta
deposits of fine sand and coarse silt are the most easily flushed. Coarser material needs
big forces to be moved and tends to deposit at the upstream end of the reservoir. Finer
material which is deposited in the body of the reservoir outside any incised channel will
not be available for reworking during flushing” (White 2001: 60).

•

Site-specific factors:
“The most suitable conditions for flushing are found in reservoirs that are approximate in
shape to the incised channel which develops during flushing: Therefore long and
relatively narrow reservoirs are better suited for flushing than short, wide and shallow
reservoirs” (White 2001: 9). “Narrow steep-sided reservoirs in valleys with a steep
longitudinal slope are the easiest to flush” (White 2001: 10).

Based on the work of Shen (1999), White (2001) presents three stages of flushing:
a)
“When the water level in the reservoir is high, the water velocity in the reservoir is too
low to move much sediment. Only close to the flushing outlet are the velocities high
enough to erode sediment, and a flushing cone is formed close to the outlet.
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b)

c)

At intermediate water levels, water velocities at the upper end of the reservoir increase
and sediment is transported towards the flushing outlets. There remains a flushing
cone close to the outlet.
When the water level falls to the top of the flushing outlet, scouring velocities can be
generated throughout the length of the reservoir. Retrogressive erosion of previously
deposited sediments occurs” (White 2001: 40).

Shen (1999) concludes that stage three, full drawdown and empty flushing, removes the
most sediments but he also remarks that for this stage more water is wasted. “Indeed stage
three is the only realistic scenario for removing significant quantities of previously deposited
sediments from reservoirs” (White 2001: 40).

3.5 Hydrogeological Basics
The pore spaces of the sediments determine their storage ability and their permeability. The
volume of the pore spaces determines the amount of water the sediment is able to store.
Size, forms and the connections between the pores determine the sediments’ permeability.
Often a high volume of pore spaces means a high permeability. However, these two may
significantly vary from each other (Busch et al. 1972: 37).

3.5.1 Infiltration
Infiltration is the process in which water on the ground surface enters the soil. Infiltration is
based on two forces, the gravity and the capillary action. While smaller pores offer greater
resistance to the gravity, very small pores pull water through capillary action in addition to
and even against the force of gravity (Wikipedia). The process of infiltration is characterized
by the actual infiltration rate, the amount of water absorbed per defined time unit (Scheffer
and Schachtschabel 2002). It is measured in millimetres or inches per hour (Wikipedia). The
infiltration rate is affected by soil characteristics including easy of entry, storage capacity and
transmission rate through the soil, influenced by the soil texture and structure, water content
of the soil and soil temperature. Other important factors concerning the infiltration rate are
vegetation types and cover and the rainfall intensity or the state of the water supply
(Wikipedia and Pidwirny). “The maximum rate that the water can enter the soil in a given
condition is the infiltration capacity. If the arrival of the water at the soil surface is less than
the infiltration capacity, all of the water will infiltrate” (Wikipedia). “The process of infiltration
can only continue if there is enough room available for additional water at the soil surface.
The available volume for additional water in the soil depends on the porosity of the soil and
the rate at which previously infiltrated water can move away from the surface through the
soil” (Wikipedia).
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3.5.2 Porosity
The volume of a porous medium (Vo) is made up by the volume of the solid substance and
the volume of the pores (Vh) (Matthess 2003). Porosity (n) is the percentage of the pores.
The porosity n is (Matthess 2003: 112):

n=

Vh
V0

(13)

The porosity determines the amount of water that sediments can hold. Therefore, it is
possible to determine the porosity of a sample by the amount of water added to saturate a
completely dry sample (Vwateradded = Vh). The added water and total volume ratio determines
the porosity:

n=

Vwateradded
V0

(14)

Otherwise, the porosity of a preferably undisturbed unconsolidated rock sample can usually
be determined by using the following equation (Matthess 2003: 120):

n=

1 − g tr
V0 ⋅ γ s

(15)

Where gtr= weight of the dry sample, Vo = total volume of the sample, γs = Density of the
grains of the dry material (in general assumed to be 2.65 g/cm3 according to Mathess 2003:
121).
The porosity of unconsolidated rock depends on the packing of the grains, on its form, how it
is set up and on the size-distribution. Small grains can fill the pore spaces in between bigger
grains and therefore poor sorted gravel-sand depositions have got a smaller porosity than
good-sorted depositions. A mediums porosity shows its ability to store water or other fluids
and influences the permeability of the medium (Matthess 2003).

Table 3: Porosity of some sediment (Seed Science Centre)

Gravel

20% – 50%

Sand

20% – 50%

Clay

50% – 70%
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3.5.3 Specific Water Yield
When a sample of saturated material is drained by gravity not all of the water in the pore
spaces will drain but some water usually remains in the sample. “The Specific Yield Sy is the
fractional amount of water that would drain freely from rocks or sediment due to gravity and
describes the portion of groundwater that could be available for extraction” (California
Department of Water Resources 2003: 83):

Sy =

Vwd
Vtot

(16)

Where Vwd = volume of drained water and Vtot = total volume of the sample.
The Specific Retention Sr of a material is the ratio between the volume of water a material
can retain against gravity and the total volume of the material. Therefore, the total porosity is
equal to the volume of water that a material will yield through gravity drainage (Sy) and the
volume hold back by surface tension (Sr) (Springer).

n = S y + Sr

(17)

“The volume of water obtained by the material depends, fundamentally, on the structure of
the sample and particularly on the surface area of rock in contact with water. This surface
area holds water back by molecular attraction and capillarity and therefore the water will not
drain in response to the force of gravity” (Kazman 1972: 161). Finer grained materials such
as clay have a high porosity but also have a high specific retention and low specific yield
compared to coarse-grained material. By draining a sample under the influence of gravity the
most of the drain water drains out in the first days and after one week the water content of
the sample stays quite constant (Matthess 2003).

Table 4: Values of specific yields of unconsolidated rocks (Hölting 1996 in Mathess 2003)

Clay

< 5%

Fine sand

10% –20 %

Middle sand

12% –25 %

Coarse sand

16% –28 %

Fine gravel

15% –25 %

Middle gravel

14% –24 %
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3.5.4 Permeability
Permeability
“The permeability of a material is a measure of its capacity to transmit water or another fluid
through its interstices” (Kazman 1972: 163). Material with low porosity is likely to have low
permeability as well but high porosity does not mean high permeability (Mathess 2003). “The
coefficient of permeability is defined as the rate of flow in gallons of water per day through a
cross-sectional area of 1 square feet under a hydraulic gradient of 1 foot per feet at a
temperature of 60° F. In the field the adjustment t o standard temperature is usually ignored
and the permeability is commonly understood to be a field coefficient at the prevailing water
temperature” (Kazman 1972: 163).

3.6 Outflow and Overflow of Water Stored in Reservoir
All the information presented in this chapter is based on the hydraulic theory script of
Technical University of Rapperswil from Engineer Andreas Huber (1985).

3.6.1 Outflow through Outlets
Outlets
If the outlet of a dam is located only little below the water level, the free surface outflow can
be calculated by integration over the height of the outlet. For a rectangular outlet for example
with width b, the outflow is obtained by the following formula:
v (z) =

2⋅g⋅ z

dA = b ⋅ dz

2 ⋅ g ⋅ z ⋅ b ⋅ dz

dQ =

H2

(18)

(19)

2
Q = ∫ ⋅ 2 ⋅ g ⋅ z ⋅ b ⋅ dz = µ ⋅ ⋅ b ⋅ 2 ⋅ g ⋅ z 3 / 2
3
H1

H2

(20)
H1

Whereby the contraction of the outflow, resulting from the curvature of the streamlines at the
outlet edge is considered in the weir coefficient µ. Therefore the outflow formula is:

Q=

2
3/2
3/2
⋅ µ ⋅ b ⋅ 2 ⋅ g ⋅ (H 2 − H1 )
3

(21)
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The µ value is depending on the outlet shape (sharp-edged, rounded, with or without side
contraction) and on the upstream level. According to Huber, the µ value for the gate outlet at
Assabol Dam is between 0.577 and 0.7. For the calculation in the thesis a mean value of
µ = 0.64 is chosen.

In the figure below the outflow of different µ values in relation to the water level is illustrated.

Gate capacity for different µ

Height of the water level over gate
bottom (m)

µ = 0.577

µ = 0.64

µ = 0.7
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Figure 11: Gate outflow for different weir coefficients
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3.6.2 BroadBroad-crested Weir
Weir and Overfall Formula
Formula

The headwater depth ho upstream of the
barrier is calculated from the specific
energy:

2

H eo = h o +

vo
,
2⋅g

Q = v ⋅µ ⋅ A =

Heo

∫

H1

hk =

2
⋅ H eo
3

(22)

2
µ ⋅ 2 ⋅ g ⋅ z ⋅ b ⋅ dz = µ ⋅ ⋅ b ⋅ 2 ⋅ g ⋅ z 3 / 2
3

Heo

(23)
H1

2

With H1 =

vo
, Heo = H
2⋅g

and including the weir coefficient µ the formula of Weisbach is

resulting:
2 3/2 



v
2
Q = ⋅ µ ⋅ b ⋅ 2 ⋅ g ⋅  H3 / 2 −  o  
 2⋅g 
3


 


(24)

Under the assumption that the approaching flow velocity vo is small H eo ≅ h o and H1 = 0.
Therefore,

Q=

2
3/2
⋅ µ ⋅ b ⋅ 2 ⋅ g ⋅ ho
3

where h 0 =

3
⋅ hk
2

The µ value is mean contraction coefficient of the weir.

(25)
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4

Methods

4.1 Methodology and Approach
Most of the information concerning the sedimentation in the Assabol reservoir was acquired
during the field study from the 5.07.06 to the 9.09.06. On one side, information on sediment
and water delivery from the watershed should be collected and on the other side, the
reservoir properties with its sedimentation and water processes should be recorded and
understood. In the figure below the different methods, for obtaining the information
mentioned above, are illustrated. The green lines in the figure below represent the methods
used in the field. For these methods tools were used, which were made out of material that
had been provided for the project or material that was bought at the local market. The red
lines represent the methods applied in Switzerland.

Figure 12: Overview of methods used for this study
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4.2 Data Acquisition by Ethiopian Partners
The major part of the precipitation and the water level measurement data were collected by
Ethiopian partners. The data obtained by the Ethiopian helpers were always based on the
Ethiopian calendar and time and were finally adapted to the Western calendar and time to
have a uniform date.
It is assumed that the exactness of the collected data is partly questionable. The reliability of
the data is sometimes uncertain.

4.2.1 Precipitation Data
Five rain gages were installed to record precipitation during the field study in July, August
and the beginning of September 2006. Three of them were located within the watershed
(Ayire, Sebea and Kareda) and the two others close to the outer skirts of the watershed
(Zalambessa and Daw Han). The precipitation in Daw Han was recorded by the author and
the precipitation at the other four sites by Ethiopian partners.

Map 8: Location of the rain gages
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The choice of the location of the rain gages was influenced by two dominant factors: First of
all, it was important to distribute the gages as homogenous as possible everywhere within
the watershed in order to get precipitation data, which may account for an average value for
the whole watershed. Here it was important to record the precipitation at different altitudes
and in different subcatchements. Secondly, it was important to find people who recorded the
rain gage values. It was fundamental to install the gages at places where these people were
able to reliably record the amount of precipitation every day. It was assumed that people who
took an interest in the project would record precipitation more reliably than people who did
not. Therefore, the rain gages were installed at places where people were either directly or
indirectly involved in the Assabol dam project. Because local Catholic institutions were
strongly involved in the project, nuns and priests helped to record precipitation in different
areas of the watershed.
Simple daily rain gages from a supermarket in Switzerland were used. The gages were put
on top of 1 m - 1.5 m high wooden poles, which were put vertically into the soil. The gages
had to be attached to the poles horizontally in order to get an accurate measurement. For
the same reason, all of the gages had to be placed well away from walls or other obstacles,
which might influence the measurement.

Figure 13: Rain gage in Sebea

Unfortunately, rain recordings were not possible in those parts of the watershed, which lay in
Eritrea. However, it is never possible to represent all parts of the watershed using only five
rain gages, especially concerning the pocket character of the landscape and the variability of
the rainfall over the years. Nevertheless, the five rain gages gave at least some information
on the precipitation in summer 2006 in the watershed. These pieces of information along
with the water balance of the reservoir made calculations concerning the runoff coefficient of
the watershed possible.
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Disadvantages of these ordinary rain gages can include incorrect measurements. It can
therefore happen that the rain gages measure up to 25% less precipitation than the actual
amount of rain would be (Spreafico 2005: 12). However, these ordinary rain gages had to be
used for the field study and for the calculation because of financial and practical reasons.

4.2.2 Water Level Measurements
The water level at the gate outlet of the Assabol Dam was measured by hand every 15
minutes between 20.07.06 and 7.09.06. To measure the water level a mark was drawn on
the dam at the right side of the gate at a height of 10.9 metres with the gate bottom being 0
metre. A measuring tape with a piece of wood attached at the end measured the distance
(cm) between the mark and the water surface. By subtracting the distance between the mark
and the water surface from 10.9 metres, the actual water level could be determined.
Knowing the water level, it was possible to calculate the outflow through the gate outlet.

Figure 14: Illustration of the water level measurement

Local workers of the project measured the water level. For reliable values, the author often
supervised these measurements during the field study. Even though the people who
measured the water level were sometimes caught asleep, the data were considered to be
reliable on the whole because during these “naps” the water level was usually low and did
not change much. When water levels changed considerably the measurements were
assumed to be quite exact and reliable.
Two times the water level was that high that the water flowed over the crest of the dam.
When this happened a second water level, being the distance between the crest and the
water surface, was estimated from some distance every 15 minutes. It was impossible to
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exactly measure this second water level. However, marks on the gorge walls left behind by
the water overflowing the dam further helped to somehow measure the maximal water level.
The water level measured had to be corrected three times. Three times some material
blocked the lower part of the gate. After cleaning the gate, the difference between the raised
water level due to the material in the gate and the “normal” water level could be determined.
This difference was subtracted from the uncorrected water level backwards till to the
assumed point when the gate was blocked which was assumed to be at the beginning of the
last flood. This correction has two weaknesses: on one side, the real time point when the
gate was blocked is only assumed and not definitively known and on the other site, the
reduced area of the gate outlet is influencing the water level not linear. The water level is
raised more by the stuck material under high water situation than under low water situation
and for that reason it is not really correct to substrate from each water level the same
difference. However, this correction had only to be done three times and under not really
high water situation, therefore it is assumed to be tolerable to correct the measured water
level this simple.

4.3 Calculation
Calculation of the Reservoir Outflow through Water Level
Measurements
easurements
During the field study, all of the water leaving the reservoir usually flowed out through the
gate outlet. It was therefore almost always possible to determine the outflow of the reservoir
by measuring the outflow through the gate outlet. The outflow through the gate outlet could
be calculated using the water level measurements along with the theory about hydraulic
presented in chapter 3.6.
If the water level does not exceed the upper end of the gate there is no pressure at the gate
and the outflow can be calculated by the following formula:

Q=

2
3/2
3/2
⋅ µ ⋅ b ⋅ 2 ⋅ g ⋅ h o = 1.705 ⋅ h 0
3

(26)

Where ho = distance between the water surface and the bottom of the gate, b = width of the
gate (1 meter), µ = contraction coefficient (mean value 0.64 chosen for this thesis) and
g = gravitational acceleration.
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If the water level exceeds the upper end of the gate, the gate is under pressure. Therefore,
the following formula has to be used:

Q=

3
3/2
3/2
⋅ µ ⋅ b ⋅ 2 ⋅ g ⋅ (H2 − H1 )
2

(27)

Where H1 = distance between the water surface and the upper end of the gate outlet and
H2 = distance between the water surface and the bottom of the gate.
Two times the water flowed over the crest of the dam. The amount of the overflow could be
evaluated by using the following formula:

Q=

2
3/2
⋅ µ ⋅ b ⋅ 2 ⋅ g ⋅ ho
3

or with h 0 =

3
⋅ hk
2

(28)

Q=

2
3
⋅ µ ⋅ b ⋅ 2 ⋅ g ⋅ ( ⋅ hk )3 / 2
3
2

(29)

With hk = distance between the water surface and the crest of the dam.

4.4 Survey of the Reservoir
4.4.1 Surveying Technique
For the survey of the reservoir no modern survey instrument was available. However, the
steepness of slopes on each side and the dense beles (cactus) vegetation in the rainy
season made it very difficult to walk around the slopes anyway. This would have been
necessary to carry out most of the modern survey methods, except for the laser method.
Therefore, the survey was carried out from the bottom of the reservoir. It was done by hand
using a compass, measuring tapes and a levelling machine. This method is probably a little
less accurate compared to detailed mechanic surveying, however, the faultiness is expected
to be small. In the field, it was only possible to survey the one part of the reservoir that was
not filled with sediments. The other part of the reservoir already filled with sediments was
recreated by a longitudinal profile of the gorge bottom, which was done before the dam was
built. In the profile the average width of the gorge at the bottom was assumed to be four
metres.
For the survey, the reservoir was divided into 46 sections separated by cross direction
profiles. The profiles were located in a right angle to the course of the valley in the way that
each one represented a quite homogenous part of the reservoir. At each profile the slope
angles on both sides were measured with an inclinometer. Additionally, the width of the
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valley was measured at a defined height. This measuring was done with a string, which ran
horizontally from one slope to the other and was pulled as tight as possible. The length of the
string was measured with a measuring tape7. The vertical distance between the string and
the gate outlet (at a dam height of 22.5 m) was measured with a levelling machine.
Usually, the profiles were located at such places to represent the reservoir as well as
possible. When there were doubts about the representative location, the profiles were
located in the way to calculate the minimum volume of the reservoir, in order not to
overestimate the accurate volume. Therefore, the accurate volume of the reservoir equals
the measured volume or can even be a little bit bigger. Especially some small tributary
valleys of the reservoir were not completely surveyed but their volume was not expected to
be very big.

Figure 15: Reservoir survey – determination of slope angle and reservoir width at a defined height

From each cross direction profile the slope angles and the widths at defined heights were
known and therefore a two dimensional cross cut. To combine these profiles with each other
to create a three-dimensional unit that represents the whole reservoir it was important to
measure the geographical orientation of each profile line and the orientation of the lines
connecting the midpoints of profile lines which lie next to each other with a compass.

7

The accuracy of this string metering was checked (annex 2): The measurements with the rope did not deviate
much from laser measurements.
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Figure 16: Measuring the geographical orientation of cross profile lines and the lines connecting them

The survey of the reservoir took more than five days. Not less than three people were
needed to carry out the survey: Two had to fix the string on both sides of the valley and pull it
tight out and a third person had to operate the levelling machine. In order to carry out the
survey faster it was done by four people.

4.4.2 Illustration of the Survey Measurements
The survey of the reservoir could only be carried out where the reservoir was not filled with
sediments. The part of the reservoir already filled was recreated through a longitudinal profile
of the original bottom of the reservoir (which was done before the construction of the dam)
and the assumption that the average width of the gorge at the original bottom is four meters
(what was deduced from old photos).
The data of the survey (angle of the slopes, orientation of the profiles and the lines
connection them) were of angle dimension. To create a 3-D model on the computer the
angle values had to be converted into x-y-z coordinates. Angle theorems were used to do
these calculations in the excel programme. The information of the angle data had to be
transformed into six x-y-z coordinates for each profile. These six coordinates represented
different points of the profile, with two coordinates at a height of 40 metres, two close to the
sediment surface and two at the recreated gorge bottom.
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Figure 17: Six points per cross profile

These coordinates were imported into the GIS program. There the coordinates were
triangulated into a TIN file. This TIN file was converted into a GRID file. From the GRID file,
the volume of the reservoir in relation to the reservoir level could be calculated direct in the
GIS.

Methods

47

4.5 Assessment of the Sedimentation
During the field study in the rainy season 2006, the sedimentation rates in the reservoir were
measured and estimated. To measure or estimate the sedimentation poles, strings and
photos were used to form seven lines which then served as observation lines (abbr.: o.l.).
After each flood, sedimentation was measured with poles at the first three o.l. (o.l. 1, 2, 3)
closest to the dam or with a string at o.l. 5. At o.l. 4, 6 and 7 sedimentation was estimated by
comparing photos taken at o.l. 4, 6 and 7. Sedimentation recordings were focused on those
areas of the reservoir, which were affected by backwater during flood because in the future
when the dam is raised to 40 metres the whole reservoir will be affected by backwater most
of the time. This is why future sedimentation is likely to be similar to present sedimentation in
backwater areas.

Map 9: Location of the sedimentation observation lines in the reservoir
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4.5.1 Evaluation of Sediment
Sediment Deposition Rates with Poles or Strings
At the o.l. 1, 2 and 3 (map 9) three poles were stuck into the sediment body.

Figure 18: Poles measurement of the sedimentation

After each flood, the height of sediment deposition was evaluated by measuring the distance
between the sediment surface and the end of the poles. The sedimentation was always
measured after each flood, except when there was more than one flood within a short period
of time. Then it was not possible to record each flood separately because the time between
the floods was sometimes too short to enter the reservoir without getting oneself in danger.
The method with the string was used at o.l. 5 where the sediment ground was too rocky to
stick the poles in the ground. The string was always attached with a nail at the same place
on the slope. There were three marks on the rope from where the distance to the sediment
ground could be measured and the sedimentation rate be evaluated.

Figure 19: String measurements of the sedimentation

The height of sedimentation at o.l. 4, 6 and 7 was estimated by comparing photos. At o.l. 4 it
was not possible to measure the sedimentation in detail because of dogs defending their
territory. At o.l. 6 and 7 it was difficult to measure the sedimentation after each flood due to a
long and quite troublesome way to get to the observation lines. The main reason why the
sedimentation there was only estimated by comparing photos was that in the future different
processes of sedimentation will take place in this (upper) part of the reservoir, because the
whole reservoir will be affected by backwater most of the time.
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4.5.2 Evaluation of
of Suspended Sediment Load of Flood Water
For each sample one litre of floodwater, containing suspended sediment load was taken at a
depth of about 10 cm to 15 cm. For one series of measurements, several samples were
taken from the same spot but at different times. It was important to take the samples from
places where the stream velocity was high to represent the average suspended sediment
load as well as possible however the safety of the person who took the samples had to be
guaranteed. The one-litre water samples were filled in bottles. Sampling time and place were
written on these bottles. Afterwards the water samples containing the sediments where
filtered through a filter8, which retained particles with a diameter bigger than 4 – 7 µm
(Schleicher & Schüll: filter nr. 597). As a next step the filters were dried, first in the sun and
then in the oven. Afterwards the weight of the suspended sediments in one litre of floodwater
(caught by the filter) was determined. As the filtered water was very clear and did not seem
to contain any more particles it can be concluded that most of the sediment had been
filtered.

Figures 20 and 21: Flood water samples in bottles (20) and filter in process (21)

The suspended sediment load samples were taken under different situations: During one
flood, water samples were taken every 15 minutes for eight hours. The first sample was
taken about one hour after the flash flood arrived at Drum Rum, which is situated some
hundred metres before the river reaches the reservoir (map 10). During another flood the
samples were also taken periodically every 15 fifteen minutes for eight hours (starting at the
beginning of the flood). This time, samples were taken from two different places: several
samples at Drum Rum and several at Daw Han, which is situated some hundred metres after
the river leaves the reservoir (map 10). Further water samples were taken sporadically
during the field study, some at Drum Rum and some at Daw Han, sometimes during high
flood and sometimes during the after flood flow.

8

The filter were placed in sives bought on the local market
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4.6 Survey of the Sediment Body
4.6.1 Evaluation of the Sediments with a Soil Sampler
The deposited sediments were determined with a soil sampler at many different places in the
reservoir. Due to the soil sampler’s length of one metre information on the sediment
depositions could only be obtained as deep as one metre. This is why a longer soil sampler
was made out of a plastic pipe but the friction of the sediments was too big to in-ground and
especially to take back out this longer sampler. When the sediments were totally saturated it
was impossible to take compact samples. Unfortunately, this happened a couple of times in
the area where the river flowed most of the time during the rainy season. However, when
inserting the soil sampler information on the sediment properties in this saturated area could
be obtained because of different resistor of the sediments. The soil sampler could only be
used in the lower part of the reservoir (up to 700 m away from the dam) where the sediment
depositions were not too rocky.

4.6.2 Evaluation of Sediments through Observations
Observations along the Sliding
Edges and on the Sediment Surface
It could already be seen at the beginning of the field study that the river, which flowed
through the reservoir when there was no backwater, cut an incised channel into the
sediments that had been deposited during backwater. This resulted in sliding edges on both
sides of the incised channel in the lower half of the reservoir.

Figure 22: Incised channel and the resulting sliding edges

At the end of the rainy season, these sliding edges were higher than one meter. This made it
easy to evaluate the first metre of the sediment body beneath the surface. Additionally,
information about the sediment depositions in the reservoir could be won by observation and
detailed description of sedimentation on the surface after each flood.
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4.7 Assessing Hydraulic Properties of Sediment Body
Body
The infiltration measurements were done on undisturbed sediments in the reservoir. The
total pore volume measurements and the specific yield measurements were done on
samples transported in barrels from the reservoir to the office.

4.7.1 Infiltration Measurements
Measurements
The infiltration rate of different sediment layers was measured in the reservoir with a double
ring infiltrometer. The double ring infiltrometer is made out of two rings each of which has a
different diameter. In the field, self constructed rings with diameters of 22 cm for the outer
and 10 cm for the inner ring were used. The smaller ring was driven into the sediment a
couple of centimetres and the bigger ring was installed in the same way around the smaller
ring. Both rings were filled with water. Because the inner and the outer ring were filled with
water the water in the inner ring flowed vertically into the soil and the outer ring of the
infiltrometer served as separation. The water in the inner ring was kept at a constant level by
adding water to the inner ring with a measuring cup and the amount of water used to
maintain this level was measured. The infiltration rate could be calculated by measuring how
much water per time leaves the inner ring and infiltrates into the soil, by including the base of
the inner ring.

Figure 23 and 24: Infiltration measurements – Field measurement (23) and theoretical principle of the
double ring infiltrometer (24; after Miller)

52

Sedimentation Processes in the Assabol Watershed

To get some information about the lateral infiltration into the sediment the author developed
his own method. A hole of one meter depth with a radius between 15 cm and 21 cm was dug
into a large sediment bank. The bottom of the hole was an impermeable silt layer. The hole
was quickly filled up with water by hand. Then the decreasing water level per time was
recorded to see how much water infiltrated laterally into the sediments in which time (lateral
infiltration was dominant because the silt layer on the bottom prevented the water from
vertical infiltration).

Figure 25 and 26: Hole infiltration – Field measurement (25) and theoretical principle (26)

4.7.2 Total Pore Volume Measurements
Four sediment samples were taken in the reservoir and then transported in barrels to where
their total pore volumes were finally measured. The volumes of the samples ranged between
15 kg and 30 kg. In order to determine the total pore volume of the samples first they had to
be dried in the sun for several weeks. To make sure that all of the water inside the sediments
evaporated some parts of the samples were weighed and then dried in the oven for half an
hour. Then they were weighed again to see if more water had evaporated in the oven (annex
4). The dry sediments were filled in barrels. Then it was recorded how much water these
dried sediments could take up until they were completely saturated. The total pore volume of
the sample was determined by comparing the volume of added water and the total volume of
the sample.
The porosity of these samples was also evaluated with another method: the porosity is
determined by the weight of the dried sample, the total volume of the sample and the density
of the grains of the dry material (generally assumed to be 2.65 g/cm3).
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4.7.3 Specific Yield Measurements
Measurements
In addition to measuring the porosity the specific yield of the sediment samples in the barrels
was measured. To determine the specific yield of a sample the total amount of water, which
was needed to completely saturate the sample in the barrel, had to be measured first. Then
many small holes were drilled in the ground of the barrels to make the water drain from the
saturated sediments. Then the total amount of this water was recorded. The specific yield
was then determined by comparing the ratio between the amount of drained water and the
volume of the sediment sample.
The sediment samples were drained for more than one week. The major part of the water
drained in the first few days. The measurements had to be done inside a house and the
drained water had to be measured periodically to minimize evaporation. For the same
reason the drained water from the barrels was led into bottles with small openings.

Figure 27 and 28: Drainage installation in the field (27) and schematic principle (28)
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Part III: RESULTS

5

Settings and Water Balance of the Reservoir

5.1 Setting of the Reservoir
In the following chapter the volume and the form of the reservoir is presented. Furthermore,
the effect of the height of the dam on the reservoir’s volume and surface is illustrated.

5.1.1 Form and Volume

9

Figure 29 and 30: Bird view (29) and 3–D Model of the reservoir (30)

9

The relief around the reservoir is in reality very steep and not a plane. The relief was extracted to have the
better view into the reservoir.
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The reservoir is a narrow and steep sided valley and is about 1,600 metres long. The total
volume of the reservoir is, according to the survey in summer 2006, 775,058 m3. It might be
possible that some small incisions by tributary valleys were not represented completely with
the survey and therefore the volume could even be bigger, but 1,000,000 m3 seem to be the
maximum volume of the reservoir. To better illustrate the reservoir’s gradient a longitudinal
profile of the reservoir is presented in the following figure.

Figure 31: Longitudinal profile of the reservoir (summer 2006)

The figure above shows that the reservoir was already filled with sediments to the bottom of
the gate outlet (22.5 m). The average gradient of the valley before sediment deposition
occurred was about 2.5% and the average gradient of the sediment surface in 2006 about
1.2%.

5.1.2 Ratio between Height of Dam and Reservoir Volume
The figure 32 on the next page shows that the reservoir volume increases exponential with
the height of the dam. Up to a dam height of 20 metres the volume of the reservoir is only
about 100,000 m3. If the dam is higher than 20 metres, the reservoir volume increases
significantly to as big a volume as 775,000 m3 with a dam height of 40 metres.
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Figure 32: Relation between reservoir level and volume

The volume of the reservoir is increasing with increased dam height due to the longitudinal
gradient and the v-shape of the valley. This leads to increasing length and width of the
reservoir with increased dam height. Therefore, also the water surface of the filled reservoir
increases with the height of the dam.

Figure 33: Area of the surface of the reservoir for different dam heights
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5.2 Water Balance
Balance of the Reservoir
In the following chapter, the water delivery into the reservoir and the water outflow of the
reservoir during the field study is shown. Furthermore, the future impact on the water
balance of the reservoir and the high variability of the input of water into the reservoir is
presented.

5.2.1 Water Level Measurements with Open Gate
Usually, during the field study all of the water leaving the reservoir flowed through the gate
outlet. When the amount of water entering the reservoir was bigger than the outflow through
the gate backwater occurred in the reservoir. At two times the amount of floodwater was that
big that the reservoir was completely filled and some water even flowed over the crest of the
dam. Apart from these two occurrences, it was possible to determine the reservoirs outflow
through the gate outlet10. The outflow through the gate could be determined by the water
level in the reservoir (compare 4.3). The figure below shows the water level measured
between 20.07.06 and 8.09.06 (annex 3 shows uncorrected water level):

Figure 34: Water level measurements

The green line in the figure above shows the height of the dam above the bottom of the gate
and the red line the height of the gate outlet. The figure shows that the water flowed over the
crest of the dam two times. The two question marks in the figure above mark the water level
when the water flowed over the dam. When this happened, the water level could not be
measured but only estimated.
10

It is known now that the reservoir is “waterproof” and not loosing water over cracks (observed in November 06
by Strebel B.: the gate was installed and the water level of the reservoir stayed constant).
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The water level measurements show that the backwater lasted hardly longer than 24 hours.
Backwater only occurred during the high flood when there was a lot of water. The high flood
was followed by a considerable after flood flow, which lasted for double the amount of time
as the backwater. When there was a flood, the water level increased very quickly resulting in
nearly vertical rising limbs. Due to the rapid increase of the water level and the relatively
short time the high flood lasted the Assabol watershed is dominated by flash flood hydrology.
These flash floods were mostly yielded from one or two subcatchements of the whole
watershed. In the photo below a flash flood of middle to big size 300 metres in front of the
entrance of the reservoir is shown.

Figure 35: Advancing wall of water of the flash flood (07.08.2006)

5.2.2 Outflow and Inflow
Inflow of Reservoir during
during Fie
Field Study
The inflow of the reservoir was similar to the outflow when there was no backwater. When
the level of the backwater increased, the inflow was bigger than the outflow and in contrast,
when the level of backwater decreased the outflow was bigger than the inflow. However, the
difference between outflow and inflow are not of central interest for this thesis.
The outflow of the reservoir could be calculated from the water level by using one of the
formulas shown in 4.3; µ was assumed to be 0.64. At the two times when the water flowed
over the dam, the amount of water could not be measured and was therefore estimated. The
red line in the figure 36 on the next page shows the outflow rate, when the water level of the
reservoir reached the top of the dam; the black line shows the outflow rate when the water
reached the upper end of the gate outlet.
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Figure 36: Outflow of the reservoir (summer 2006)

The total outflow (and inflow) of the reservoir during the measuring period 20.7.06 – 8.9.06
was 9 144 376 m3 (with µ = 0.64)11.
In the figure below, the discharge amounts of the different floods are illustrated. The dates
refer to when the flood arrived in the reservoir. 26 flood events could be distinguished. The
discharge amount of three floods was that big that in the future they could completely fill the
reservoir with a volume of about 775,000 m3. The amount of eight other floods would have
filled about half of the reservoir in the future. The average discharge of one flood was
350,000 m3.

Figure 37: Discharge of flood events

11

For the minimal µ = 0.58 the outflow would be 8,251,857 m and for the maximal µ = 0.7 10,001,761 m .
3

3
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In the table below the amount of discharge, the precipitation and the runoff as percentage of
rainfall during several particular floods were compared. The average amount of rain in the
watershed was calculated by using recordings from the five rain gages (annex 5).

Table 5: Precipitation, discharge and drainage ratio during several particular floods

Discharge in
103 m3 per
flood event
Average rain
amount in mm
per storm
Drainage ratio
in %

2.08.06

7.08.06

8.08.06

11.08.06

21.08.06 1.09.06

513.03

506.89

1712.88

905.25

300.90

783.99

7706.38

24.2

10.4

41.6

20.4

1.2

20.3

182.9

4.7

10.8

9.1

9.9

55.7

8.6

9.4

August

Because some of the floods were interrupted by other floods, their discharge could only be
evaluated until the next flood arrived. Therefore, the total discharge of some of these floods
was estimated to be a little bit bigger. However, the total amount of discharge during August
is estimated to be quite exact. About 10% of the amount of rain in the watershed created the
floods. The very high drainage ratio from 21.08.06 was due to a flood which originated from
the part of the watershed located in Eritrea where rain recording was not possible. Strebel
(1979) evaluated a runoff value of 18% in the same area in 1975. The smaller values
evaluated in this thesis may be the result of a lot of soil and water conservation activities in
the area in the last 30 years. Nevertheless, the runoff coefficient is a complex subject and
the reduced drainage ratio in 2006 can be the result of other reasons.

5.2.3 Inflow and Outflow Rates in Anticipated Future
The inflow and outflow rates during the field study had to be put in relation to the future.
According to the local people, precipitation during the field study exceeded the annual
average. In addition, the 26 flash floods during this time exceeded the annual average of
flash floods enormously. According to Strebel, the average was between five and six flash
floods (oral information 2006).
Another fact influencing the outflow of the reservoir in the future will be the reduced flow
profile of the gate outlet. During the field study, there was no gate but in the future, there will
be a gate. The problem will be that even if the gate is opened (pulled up) the outlet area will
be reduced by one sixth because the gate cannot be pulled up all the way. The reduced area
of the gate outlet will lead to a reduced maximal outflow through the gate. The maximal
outflow will be reduced from 17.4 m3/s to about 14.6 m3/s.
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In the future considerable amounts of water in the reservoir will evaporate because if the
gate is closed and the dam is 40 metres high the water surface of the reservoir will become
much bigger. The water surface of the reservoir will then reach a maximum of about 65,000
m2. The amount of evaporation will be equal to the potential evaporation, which is a bit more
than 2 metres per square metre per year. Therefore, up to 130,000 m3 water will evaporate
during one year.

5.2.4 Periodicity and Variability
Most of the floods occur during the rainy season in summer but the number of floods varies
considerably each year. Certainly, this variability is closely related to the variability of rainfall
in the watershed. Unfortunately, no long-term rainfall data are available for the watershed.
However, to illustrate the annual variability of rainfall in this region, Backstopper Reports
from the ADDA project done nearly every year were evaluated (Schaffner and Strebel).
These reports include the qualitative hydrological situation of each year in the watershed,
giving information whether the year was dry or wet. With this information, it was possible to
generate a series of qualitative information to the approximate water supply in the watershed
over the last 32 years. The average amount of rain in the watershed is estimated to be
around 450 mm a year (annex 1).

Figure 38: Qualitative assessment of rainfall in the watershed for the years 1975 – 2006

In the figure above the qualitative water supply of the years 1979 to 1983 marked with a star
(*) was not exactly known. Nevertheless, it is certain that the amount of rain during these
years was did not exceed the average. Even though there is too little data to make a
significant statistical evaluation the figure above shows that, the amount of rain varied
considerably over the years. Therefore, the number of floods and the amount of water
discharge also varied considerably.
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Suspended Sediments Entering
Entering the Reservoir
Reservoir

Suspended load measurements were done to get a basic understanding of the suspended
load entering the reservoir during floods. Measurements of the suspended sediment load in
the floodwater gave information on the amount of suspended sediment from the watershed
and the temporal and spatial distribution of the suspended load during a flood. The red
circles in the figure below represent the time when the suspended sediment load was
measured.

Figure 39: Timetable of suspended load sampling (see red circles)

The suspended load of the floodwater was measured at Drum Rum, which is located a little
above the reservoir and at other times at Daw Han, which is located a little below the
reservoir.

Map 10: Sampling sites of the suspended sediment load
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6.1 Suspended Sediment Load during
during one Flood
Suspended load samples were taken from the flood on 02.08.06 in the beginning every 15
min and later every 20 min for ten hours starting about one hour after the flood had arrived.
Two more samples were taken 20 and 21 hours after the beginning of the flood. The
samples were taken at Drum Rum (map 10).

Suspended load (g/l)

Suspended sediment load at Drum Rum during one flood
(02.08.2006)
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Figure 40: Suspended load measurements during a flood

The suspended load measurements above show that the suspended load decreased during
a flood event. At the beginning of the flood, the water carried most of the suspended
sediment particles. After five hours, the suspended sediment load had already decreased
significantly and after ten hours, the suspended load did not account for more than ten
percent of the total load at the beginning of the flood. The two measurements after twenty
hours show that the suspended load decreased continuously and came down to a mere
0.6 g/l to 0.4 g/l, which did not account for more than one per cent of the total suspended
load at the beginning of the flood.

6.2 Suspended Load before Entering and after
after Leaving the
Reservoir
Samples of suspended sediment load were taken before the flood entered the reservoir
(Drum Rum) and after the flood had left it, (Daw Han) in order to compare them (map 10). If
the amount of suspended sediment load in Drum Rum was bigger than in Daw Han, parts of
the suspended sediment load had been deposited in the reservoir. If the suspended load,
however, was bigger at Daw Han parts of the sediments had been flushed out of the
reservoir.
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Comparison of the suspended load in Drum Rum and Daw Han
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Figure 41: Comparison of suspended load before entering and after leaving the reservoir

The figure above shows that the suspended sediment load was bigger at the lower station
Daw Han than at Drum Rum for the four comparisons. Therefore, the floodwater did not only
deposit sediments in the reservoir but washed sediments out, also. It is estimated that an
increasing amount of sediments was washed out towards the end of the rainy season
because there were more deposited sediments in the reservoir to be washed out. This may
explains that on 21.08.08 only two hours after the beginning of the flood the water leaving
the reservoir contained more suspended sediments than the water entering the reservoir.

6.3 Further Aspects of Suspended Sediment Load in the
Watershed
Event though in many books it is mentioned that the suspended load of floods is decreased
at the end of the rainy season compared to the beginning it could not be measured that at
the end of the field study the suspended load was significant smaller than at the beginning.
Anyway it was difficult to compare the suspended sediment load of different floods because
the suspended sediment were highly depending on the size of a flood and also greatly on the
place the floodwater was coming from.
In 3.3.1, it is mentioned that the concentration of suspended sediment is not constant over
the depth of the stream. To assume the difference of the suspended load with the depth the
samples which were normally taken in a depth of the flood of 10 cm – 15 cm (= above) were
compared with samples which were taken at the same time and place nearly on the ground
of the stream in a depth of at least 40 centimetres (= below). Unfortunately, the sampling
was a little small with only four samples but nevertheless some information could be gained.

Sedimentation Processes in the Assabol Watershed

66

Comparison of suspended sediment load in different depths
(above and below)
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Figure 42: Comparison of suspended sediments load collected in different depths

Especially the samples taken about 120 minutes after flood arrival (blue) show that the
sample in the depth contained more suspended load than the sample near the surface.
However, the difference was maximum 20 per cent. The comparison of the sample taken
360 minutes after flood arrival (green) was not showing a big difference any more, the
sample below had only a little more suspended sediments. The samples taken more than
900 minutes after flood arrival show the same amount of suspended load in both depths.
Therefore, it seems that at the beginning of the flood, there was a difference of sediment
concentration with the depth but the difference was not very big. The longer the flood already
flowed the difference got smaller and finally nearly lost. Hence, the suspended sediment
samples, which were normally taken in a depth of 10 cm – 15 cm, were representing the
average suspended load of the flood.
Another point concerning the suspended load is the origin of the floodwater. About three
hundred metres before the river entered the reservoir two riverbeds join together. One of the
rivers comes from Sebea side and the other from Kareda side with its origin in Eritrea. For
the local people it is known that the floodwater is different, if the flood comes from Sebea or
Kareda. Some of the local people can even smell the origin of the flood. According to the
local people, the floods from Kareda bring more sand and less fine suspended particles
compared to the floods from Sebea side. The measured suspended loads are not very
significant for this comparison according to their small sampling size because only two water
samples are exclusive taken from Kareda river. Nevertheless, both of these water samplings
from Kareda river had quite low suspended sediment loads even though they were taken at
least after two hours of the beginning of the floods. The highest suspended sediment load
found in Kareda river was 6.8 g/l compared to over 60 g/l from Sebea side. Even the
sampled flood event of Kareda was a little smaller compared to other measured floods from
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Sebea this is a evidence that the floods from Kareda side transported much less suspended
sediments than the floods from Sebea side.
If the suspended sediment concentration of the flood water samples were not over 10 g/l the
samples drained through the filter in between one and five hours. If the suspended load
concentration was over 30 g/l the water did need about 24 hours to drain completely. All of
the water drained the filter was very clear, therefore it is assumed that nearly all of the
particles were hold back by the filter which size was 4 - 7 µm. It is possible that all the
suspended load particles were bigger than the filter holes and therefore held back. Another
explanation could be that the filtered particles, deposited in the filter, built up an even finer
filter. In addition, it should be mentioned here that the colour of the filtered particles was
sometimes quite different, from yellow to dark brown, depending on the origin of the flood.
It was planned to get some information about the bed load of the floods, too. It was tried to
measure the bed load with a net with about 1 mm holes, but it was not possible to get bed
load samples with this method. However, the entire suspended load samples were taken
bare footed in the river and therefore the bed load was assumed very small there because
there was no feeling of moving particles on the feet. Therefore, it is assumed that most of the
bed load was only transported during very high flood and in the middle of the stream where it
was not possible to take water samples. According to Graf (1998), the river in dryland areas
carry less suspended load than rivers in humid areas and the bed load is more important for
these rivers. It is not possible to give a sure answer from this few sediment measurements.
However, it is estimated that in the Assabol watershed the suspended load is quite high
compared to other dryland rivers.
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Sediment Accumulation under two Scenarios

The sediment accumulation varies under two scenarios: open gate and closed gate situation.
During the field study, the sediment deposition always took place under open gate situation
but in the future, the sediment accumulation will take place to the most part under closed
gate situation. Another important factor influencing the sedimentation in the reservoir during
the field study and in the anticipated future is the height of the dam. During the field study,
the height of the dam was about 32 metres. At maximal backwater, the reservoir was only
filled up to two thirds of the whole length of the reservoir and the backwater never reached
the other third. In the future, the backwater area will be much bigger due to the higher dam
and the closed gate. This will lead to different sedimentation processes and for that reason, it
is absolute necessary to distinguish the sedimentation process under the two scenarios open
gate situation during the field study and closed gate situation in the anticipated future.

7.1 Sedimentation processes
processes under Scenario 1:
“Open Gate Situation and Dam Height of about 32 Met
Metr
etres”
During the open gate situation, the reservoir was empty most of the time. Only a small river
carrying the delayed runoff water of the last rain flowed through the reservoir. The reservoir
was only filled with water when the amount of water entering the reservoir was bigger than
the amount of discharge water flowing through the gate outlet. This was nearly always the
case when there was a flood. The height and the duration of the backwater were quite
different from flood to flood depending on the amount of water per time coming into in the
reservoir. The figure below shows the extension of the backwaters in the reservoir.

Figure 43: Backwater situations in the reservoir during floods (summer 2006)
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During the field study, the area affected by backwater was maximally extended from the dam
as far upwards as somewhere between o.l. 5 and 6. The other part of the reservoir was
never under backwater. Depending on the size of the flood, the backwater did not always go
further than to o.l. 4. So the part of the reservoir between the dam and o.l 4 was nearly
always affected by backwater when there was a flood and the part between o.l. 4 and o.l. 5/6
only sometimes. The sedimentation processes in these three areas were different and had to
be distinguished. In the future, the major part of the reservoir will nearly always be affected
by backwater. This is why sedimentation processes in the area nearly always affected by
backwater were the focus during field study.

7.1.1 Sedimentation Processes under Open Gate Situation in the Area
Area
Nearly Always
Always Affected by Backwater
Backwater
In the area between the dam and o.l. 4, which was nearly always affected by backwater
when there was a flood, suspended load particles made up the major part of the deposited
particles. Suspended load particles start to settle when the velocity of the water is less than
the particles’ settling velocity. This was only the case under backwater situation, if there was
no backwater situation nearly none of the suspended sediments settled in the reservoir. Due
to the fact that under open gate situation the water never stood completely still and the
backwater flowed out again after some hours not all of the suspended load particles had time
to settle down. Only heavier suspended load particles were deposited in the reservoir
whereas light suspended load particles flowed through the reservoir. The sedimentation
process in this backwater area was dominated by the deposition of graded sediment layers,
which had lacustrine character. However, the longitudinal and horizontal sediment pattern in
the reservoir was a little bit different compared to a completely still body of water because
there was always outflow through the gate. Another important effect of the open gate on the
area nearly always affected by backwater was the forming of an incised channel. This is why
the cross profile in the area affected by backwater under open gate situation had sediment
banks on the sides and an incised channel in the middle.

Figure 44: Cross profile in the lower part of the reservoir with sediment banks and incised channel

It could be observed that the sediment depositions from each single flood in the area nearly
always affected by the backwater were always built up in the same way. The lower part of a
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sediment deposition of one flood was often sand and on the top there was always silt.
Between these two, there was a mix of sand and silt sometimes enriched with small organic
particles.

Figure 45: Typical deposition of one flood in the backwater area (without organic material)

This gradation of the sediment deposition from sand to silt was the logical result of the
settling process during backwater: The heavier particles in the water were deposited first.
The coarse sand on the bottom of the sediment depositions might not only have been the
result of settled suspended load during backwater but sand that had been deposited as bed
load when the flood filled the reservoir and stream velocity was still high. When the sediment
deposition contained organic particles the concentration of small organic particles was
biggest in the lower part of the sand/silt mix. Sometimes there were organic lenses with a
maximum thickness of 1 mm which had already been deposited in the upper part of the pure
sand. Big organic particles were hardly ever found in the lowest part of the sediment
deposition (annex 7). At the beginning, it seemed a bit surprising that most of the deposited
organic particles were deposited already with the finest sand fraction, sometimes even
earlier. It was more expected that the organic particles will be of little weight and therefore
settle late. However, samples of the deposited organic material showed that most of them
are clearly heavier than water and therefore it is plausible that the organic material was
deposited with the sand fraction However, it is not very important to focus on organic
materials because usually the sediment depositions contained only few organic particles.
Each flood that led to backwater deposited one layer of sediment all over the area affected
by backwater. Therefore, many sediment deposition layers from different floods were piled
up in this part of the reservoir. These layers were cut by an incised channel and therefore on
the side of the incised channel sediment banks were standing (compare figure 45). From
these banks it was quite easy to get a profile from the piled up flood depositions. The
following profiles show the sediment layers from the different floods at o.l. 1, 2 and 3. By
comparing the floodwater inflow into the reservoir (figures 34 and 36) with these profiles, the
date of deposition was related to the layer depositions from each flood.
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Figure 46: Profiles of the piled up flood depositions at the observation lines (o.l.) 1, 2 and 3.

The height of the layers of each flood was very different depending on the amount12 and
origin of the floodwater. Layer heights ranged between 2 cm and 28 cm. Sediments were
deposited homogenously over the whole area affected by backwater but the heights of these
sediment layers varied a little bit from place to place. There was no significant relation
between the floods and the places of the profiles. Depending on the characteristics of the
flood, the deposition was biggest at o.l. 3 or at the other two places. However, all profiles
showed that big floods deposited more sediments than smaller floods. The quantitative
composition of the three deposited materials in the backwater area (sand, silt and sand/silt
12

The backwater of some small floods (e.g. the flood on the 16.08.06) did not even reach up to o.l. 3 and

therefore sediment depositions only took place on the sediment banks at o.l. 1 and 2.
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mix) was quite different after each flood. The silt and the sand silt mix were found in each
deposition of each flood. Sometimes there was no sand, in particular when the depositions
were thin. In the area nearly always affected by backwater the closer to the dam the more silt
was deposited. The further away from the dam the more sand was deposited (and nearly no
organic material). Furthermore, it seemed that the amount of deposited sand was bigger
when the flood was bigger, when the flood was very small often no pure sand was deposited.
In addition, the area where the floodwater came from determined the detailed composition of
the sediment. Therefore, the detailed composition of the sediment layers deposited during
one flood varied a little bit from flood to flood. However, the general graded composition was
always similar.

7.1.2 Sedimentation Processes under Open Gate Situation in the Area
Sometimes Affected by Backwater
Backwater
In the area sometimes affected by backwater during floods (between o.l. 4 and o.l. 5/6), the
deposition was different from the deposition in the area nearly always affected by backwater.
Whereas lacustrine sediments were also deposited in this area when the backwater reached
it the amount of deposited sand was considerably bigger and sometimes even gravel was
deposited at the bottom of the deposition during one flood; in this areas silt was deposited as
a thin layer on top of the deposition. However, most of these sediment layers were soon
washed out again (sometimes only small parts of these lacustrine sediment layers remained
on the sides of the reservoir). This washing out effect was the result of the river which flowed
through the reservoir after backwater and of following floods with smaller backwater
extension which had big erosion power in the area not affected by backwater. Most of the
washed out particles were replaced through sand or fine to coarse gravel. Therefore, in the
area sometimes affected by backwater the particles, which were finally deposited, were
mainly bed load particles such as sand and gravel. These bed load depositions were poor
sorted and were deposited as lenses. Because the riverine conditions were dominant in the
area sometimes affected by backwater the incised channel was not explicitly developed
anymore and on the sides no high sediment banks did exist.

7.1.3 Sedimentation Processes under Open Gate Situation in the Area
Never Affected by Backwater
Backwater
In the area, which was never affected by backwater (behind o.l. 5/6), the deposited
sediments were only bed load sediments and the suspended sediments were not deposited
but flowed through. The bed load needs more energy to be transported than the suspended
load and therefore the deposition was closely related and reacted more sensibly to a
decrease in stream velocity. The dammed water during backwater led to a decrease in
stream velocity even before the flood reached the backwater area. There it led to the
deposition of the biggest bed load particles. The smaller bed load particles were then
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deposited soon after the water transporting them entered the backwater. Some bed load
particles were transported by the after flood flow deeper into the reservoir (into the area
sometimes affected by backwater) depending on the amount, velocity and duration of the
after flood flow and the size of the bed load. In the part never affected by backwater the
deposited bed load sediments were not built up from different graded layers. The
sedimentation process was dominated by fluvial conditions and the bed load sediments were
mostly deposited as lenses. The deposited bed load was poor sorted and not much rounded
due to the relatively short way of transporting and the rare contact with water for this
particles.

7.1.4 Assessing Quantitative
Quantitative Composition
Composition of Sediments Deposited
Deposited
under Scenario 1
From the three vertical profiles (illustrated in figure 46), the quantitative compositions of the
three deposited materials in the area nearly always affected by backwater were evaluated
(annex 6). Generally, in the part of the area nearly always affected by backwater close to the
dam (o.l. 1) the silt/sand mix was dominant representing between one third and a half of the
deposition. The silt accounted for a bit more than one third and the sand a bit more than one
fourth. In the other part further away from the dam (o.l. 3) the sediment deposition was
composed of about one third to one half of sand and a little less than one third of silt and
about one third of silt/sand mix. On an average for the whole area nearly always affected by
backwater the silt/sand mix accounted for about 40% and the silt and the sand for about 30%
each.

Table 6: Quantitative composition of sediments in the area nearly always affected by backwater

Silt

30%

Silt/Sand Mix

40%

Sand

30%

In the area sometimes affected by backwater (between o.l. 4 and o.l. 5/6), two barrels of
sediments were sampled and sieved. Sediments for barrel 1 were sampled in the area
between o.l. 4 and o.l. 5 and sediments for barrel 2 in the area between o.l. 5 and o.l. 6.
Small parts of the backwater sediment layers remained on the sides of the reservoir in this
area but their quantity was not important enough to be included in the evaluation.
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Table 7: Quantitative composition of the sediments in the area sometimes affected by backwater

Barrel1

Barrel2

Average

Sand

42%

44%

43%

Fine gravel

16%

19%

Middle gravel

24%

25%

Big gravel

13%

10%

Cobbles

5%

2%

54%

3%

For the area never affected by backwater, the quantitative composition was estimated in the
field at o.l. 6 and 7.

Table 8: Composition of the material deposited in the part never affected by backwater

O.L. 6

O.L. 7

Average

Sand

30%

30%

30%

Gravel

50%

30%

40%

Cobbles

20%

40%

30%

Generally, it can be assumed that:
•

In the area nearly always affected by backwater sand, silt and the silt/sand mix
accounted for about one third each of the whole deposition.

•

In the area sometimes affected by backwater the coarse part was dominant
accounting for a bit more than half of the deposition, the sand for a bit less than half
of the deposition and the amount of cobbles was almost negligible.

•

In the area never affected by backwater total bed load depositions included about
one third of middle to coarse sand, one third of gravel and one third of cobbles.
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7.1.5 Assessment of Total
Total Amount of Sediment Deposition under
Scenario 1
The amount of the sediment deposited after each flood was measured primarily with poles
and strings (19.07.09 - 06.09.06). Additionally, information about the amount of sediment
deposition was acquired by comparing photos, observing the sliding edges and using a soil
sampler (compare 4.5). The measurements with poles and strings primarily gave information
on the height of the sediment deposition in the area nearly always affected and the area
sometimes affected by backwater. Sedimentation in the area never affected by backwater
was estimated by comparing photos (annex 8).

Table 9: Total height of sediment deposition at observation lines (19.07.06 – 06.09.06)

Left side
o.l. 6/7

Middle

Right side

No significant sediment deposition

Average
0 cm

o.l. 5

+ 97 cm

+ 150 cm

+ 82 cm

+ 109 cm

o.l. 3

+ 53 cm

+ 32 cm

+ 118 cm

+ 68 cm

o.l. 2

+ 70 cm

+ 28 cm

+ 43 cm

+ 47 cm

o.l.1

+ 46 cm

+ 65 cm

- 5.5 cm

+ 35 cm

The total height of the sediment deposition at the o.l. ranged between minus 5.5 cm and plus
150 cm. The highest sediment deposition occurred in the area sometimes affected by
backwater (compare o.l. 5) with an average of more than one meter. For the o.l. 1, 2 and 3
set up in the area nearly always affected by backwater the height of the total sediment
deposition was smaller and ranged between 35 cm and 68 cm. In the area never affected by
backwater no significant sedimentation was observed. It seems that the total height of
sediment deposition in the area nearly always affected and the area sometimes affected by
backwater decreases towards the dam. However, it is very important to note that apart from
the right side of o.l. 3 all of the places where deposition was measured were not only
affected by deposition but also by erosion processes (annex 9). These erosion processes
had occurred because of the open gate through which the water transported a lot of
deposited material out of the reservoir and built an incised channel. The incised channel
became a lot wider during the rainy season (annex 10) and at the end of the field study, all of
the poles were situated in the area influenced by the river and therefore affected by erosion.
Therefore, the total height of deposition measured with these poles rather shows the
elevation of the riverbed during the measuring period than the maximal deposition in the
reservoir.
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When the deposition rates measured with the poles or string were all added up, excluding
the erosion processes between, the total sedimentation rates were much higher:

Table 10: Cumulated sedimentation at observation lines (19.07.06 – 6.09.06)

Left side

Middle

Right side

Average

o.l. 5

+ 201 cm

+ 217 cm

+ 102 cm

+ 173 cm

o.l. 3

+ 79 cm

+ 105 cm

+ 118 cm

+ 102 cm

o.l. 2

+ 135.5 cm

+ 128 cm

+ 122 cm

+ 129 cm

o.l.1

+ 76 cm

+ 163 cm

+ 134 cm

+ 124 cm

The higher cumulated sediment depositions show that there was considerable sediment
relocation during the measuring period and give information to the maximal deposition. For
the o.l. 1 and 2 the cumulated deposition was about 130 cm. By comparing these values with
the height of deposition deduced from the flood sequence profile shown in the chapter above
(compare figure 46) it is surprising how similar they are. The profile depth of the flood layers
deposited between 19.07.06 and 6.09.06 was at o.l. 1 and 2 about 120 cm and 130 cm13. For
the o.l. 3 the profile shows a deposition of about 140 centimetres in the same period.
Therefore, the deposition during the measuring period (19.07.06 – 6.09.06) without effective
erosion was about 1 meter and 30 centimetres in the part of the reservoir nearly always
affected by backwater. By assuming that before the measuring period already four flood
events have taken place, two of which were of middle size, one big and one small, the
deposition during the whole summer rainy season 2006 had to be adapted. Deposition
caused by these four floods was estimated to be around 40 cm (20 cm caused by the big
flood, a little less than 10 cm by the middle sized ones and only a few cm caused by the
small flood), which also corresponded to the profiles of o.l, 1 and 2 shown in figure 47.
Hence, the sediment deposition in the area nearly always affected by backwater would be
about 170 cm under open gate situation but no effective erosion in the summer rainy season
2006. For the whole year, it seems realistic to calculate with a deposition of about two to
maximal two and a half metres14 in the area nearly always affected by backwater during flood
(without effective erosion processes).
The cumulated deposition in the part sometimes affected by backwater was 170 cm.
However, this value cannot be considered to show the real value because of the high
sediment relocation at o.l. 5 (area because being sometimes affected by backwater and
sometimes not). Anyway, in this area the riverbed was expanded over the whole width of the
reservoir and therefore no significant incised channel existed anymore during the whole field
study. Therefore, the sediment deposition in table 9, which represents more the elevation of

13

For o.l. 3 the sedimentation estimated from the profile (140-150 cm) was higher than the measured cumulated
sedimentation (100 cm). The reason for this difference is probably the quite stable incised channel at this area
(undercut slope) and the resulting smaller cumulated sedimentation.
14
By calculating with two third of annual rainfall during Krempt (Strebel 1979) and assuming that the
sedimentation is linear to the rainfall.
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the riverbed, gave reliable information concerning the deposition height at o.l. 5. This 1.1 m
also seem to be realistic when comparing the photos from o.l. 4 and o.l. 5 (annex 8). The two
photos below show the right border of o.l. 5 at the beginning (left) and the end of the field
study (right).

Figure 47: Sedimentation at the right border of o.l. 5

Including the first four floods of the summer rainy season 2006 and extrapolating sediment
deposition for the whole year 2006 a sediment elevation of about 2 metres could be deduced
in the area sometimes affected by backwater.
In the area never affected by backwater, the total deposition is estimated to be much lower.
Even if the cumulated deposition was highest at o.l. 5, by comparing photos it was concluded
that no significant sediment deposition could be observed in the part of the reservoir located
upstream of o.l. 6 (annex 8).

To recapitulate briefly the heights of sedimentation (without erosion processes) in the
Assabol reservoir in 2006 is:
•

In the area nearly always affected by backwater the height of sedimentation ranges
between 2 m and 2.5 m. For the following calculations an average height of 2.25 m is
used.

•

In the area sometimes affected by backwater the average height of sedimentation is
about 2 m.

•

In the part never affected by backwater no sediment deposition could be observed.
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7.2 Sedimentation processes under Anticipated Future Scenario 2:
”Closed
”Closed Gate Situation
Situation and a Dam Height of 40 Metr
Metres”
For the future, it is planned to close the gate to really store the floodwater in the reservoir.
Additionally, the dam will be raised to 40 m in the coming year and the reservoir volume will
become much bigger. Floodwater will be stored longer in the reservoir and only leave it
through the irrigation pipe (only if the reservoir is already filled or the amount of floodwater is
too big for the reservoir water will flow over the crest of the dam). If floodwater enters the
already filled reservoir, the floodwater will have a bigger density because of its sediment load
and therefore this floodwater will enter the reservoir on the bottom and forces the purer water
stored already to rise up. The water, which then flows over the crest of the dam, is quite
clean water and the new heavy floodwater remains in the reservoir and will deposit most of
its suspended sediments.
Due to the high water input from each flood, the reservoir will be filled soon after the
beginning of the rainy season. Consequently, if the gate is closed in the future the whole
reservoir will be affected by backwater during a flood event and the sedimentation processes
will be the same everywhere in the area. For the first floods of the Belg rain in spring the
situation will probably be different because the water level in the reservoir will be low due to
the water use during the dry time; but already after one considerable flood the reservoir will
be filled again.

7.2.1 Sedimentation Processes
Processes and Sediment Composition
Composition under
Closed Gate Situation
Because in the future the whole reservoir will be affected nearly always by backwater,
sediment depositions will mainly be composed of lacustrine flood layer sequences. These
layers will be deposited more homogenously than under open gate situation all over the area
of the reservoir which is affected by backwater. These flood layers are estimated to have an
amount of sand at the bottom of each flood layer that will be smaller or at most equal to the
amount observed during the field study. This is because the close dam body does not allow
a stream in the reservoir anymore and therefore, the sand is expected not to be transported
in the same amounts this deep in the reservoir. On the other hand, the silt deposition on top
of each flood deposition is expected to increase due to the longer retention time of the water
in the reservoir and the bigger amount of stored water.
In summer during the rainy season, the bed load already deposited before or at least at the
beginning of the backwater will building up a delta in the most upper part of the reservoir.
The first flood events during Belg rain, when the water level in the reservoir is low, will
probably transport and redeposit a part of this delta deposition deeper in the reservoir, but
the reservoir will soon be filled up again completely with water and therefore the bed load is
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mainly deposited at the beginning of the reservoir. With the years, this delta will move down
towards the dam. However, because the delta movement is slow and the lower part of the
reservoir will quickly be filled with the lacustrine sediments the delta body is not expected to
have enough time to move deep in the reservoir.

7.2.2 Quantities of Sediments
The quantity of deposited sediments in the reservoir will be bigger when the gate is closed
than when the gate is open because the trap efficiency of the reservoir is increased due to
the closed gate and the dam height of 40 m. If the water does not overflow the dam, nearly
all the sediment particles transported in the reservoir will be deposited in the reservoir. If the
water overflows the dam it is primarily the clean water that overflows the dam. For the
amount of deposited bed load in the reservoir the difference will be small, but the amount of
deposited suspended load will be bigger when the gate is closed. For that reason, the
sedimentation will even be bigger when the gate is closed than the added up sedimentation
under open gate situation.
Some information concerning the quantities of suspended sediments entering the reservoir
can be gained by measuring the suspended sediment load as well as the water inflow into
the reservoir15. The water inflow into the reservoir of the summer rainy season 2006 is
known: approx. 9 million m3. For the whole 2006, a value of 12 million m3 seems realistic.
The amount of the suspended sediment load of this inflow water is not known, but the
average suspended sediment load can be calculated from one particular flood event
(02.08.06) (annex 14). During this flood, the average suspended sediment load was 14.6 g/l.
Assuming that this average is representative for more or less for the whole year, a total
amount of about 175,000 tons of sediment were transported in suspension into the reservoir
in 2006. These 175,000 tons result in about a volume of 125,000 m3 (with an average
sediment density of 1.4; compare annex 13). Hence, the reservoir would be filled in about six
years, if all the suspended sediments were deposited in the reservoir and the future
sediment yield was similar to the one 2006.
Here it should be assumed how much of the sediment load, bed load and suspended load,
will be deposited in the reservoir when the gate is closed for good, due to the trap efficiency
according to Brune or Brown (compare 3.4.1). According to Brune, the trap efficiency of a
reservoir depends on the reservoir’s capacity and the annual inflow; according to Brown, the
capacity of the reservoir and the drainage area are involved (in figure 9 and 10 on page 29
the situation for the Assabol reservoir is marked with red colour).

15

This calculation only gives very rough information about the entire suspended sediment yield, because the
sediment yield may vary for different floods. Furthermore, the amount of floods and/or discharge vary
considerable each year. Nevertheless, an approximate number/amount concerning the sediment entering the
reservoir during one year can be obtained.

Sedimentation Processes in the Assabol Watershed

80

Table 11: Trap efficiency of the reservoir under scenario 2

Brune

Brown

Reservoir capacity
(40 m)

775 000 m3

775 000 m3

Annual inflow

9.14 mio m3

-

Drainage area

-

450 km2

Trap Efficiency

About 80%

About 25%

The two values of the trap efficiency of the reservoir, under close gate situation and 40 m
dam height, are highly different. Even though the 25% as predicted by Brown are expected
to be too low, no reliable conclusion concerning the trap efficiency of the reservoir in the
future can be done.
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Architecture of Sediment Body

The water intake of the reservoir is situated at a height of 20 m and therefore the part of the
reservoir below this level is not used for water supply. This is why the architecture of the
sediments deposited below this level are not of interest concerning the ambition of the
Assabol Food Water Harvesting Scheme. The sediment depositions in this lowest part of the
reservoir were variable and often different from the sedimentation that had taken place
during the field study. This resulted from the inconstant velocity of dam raise and the
resulting reservoir volume in the past. These inconstant and complex sedimentation
processes and especially the fact that this death sediment body is not used for water supply
allow it to ignore the architecture of this lower part and rather put focus on the architecture
above the death storage body.

8.1 Sediment
Sediment Architecture under Scenario 1:
”Open Gate Situation and
and a Dam Height of about 32 Metr
Metres“
In the backwater affected area the sedimentation was dominated by the flood layer
depositions. Each flood deposited sediment layers graded from sand to silt all over this
whole area. Because the gate was open, the river cut an incised channel into these
sediments and washed the flood layers out in the area where the after flood flowed (compare
figure 44). Therefore, the architecture of the sediments in the area affected by backwater can
be characterized by sequences of graded flood layers on the side of the reservoir, where no
water flowed during the after flood. And by the erosion channel in the middle of the reservoir,
where most of the flood layers were washed out and replaced by fine-grained to middlegrained sand transported downwards by the after flood flow.
The architecture of the flood sequence sediments remaining on the sides of the reservoir
was quite easy to identify along the sliding edges. They showed that the flood layers had
been deposited continuously and not intermittently all over the area affected by backwater.
However, the thickness of the deposited layers varied from place to place a little.
The architecture of the incised channel area was not this easy to determine by observing it
from the surface. On the surface only sand was deposited but the architecture below the
surface (or at least the first metre below the surface) had to be measured and estimated with
a soil sampler. It was quite difficult to get compact soil samples in this saturated area but at
least it was possible to evaluate the depth of the sand in the incised channel. In the figure
below a cross profile from o.l. 3 is shown (annex 11 shows profiles at o.l. 1 and 2). Each blue
dot represents one soil sampler measurement:
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Figure 48: Depth of the sand in the incised channel at o.l. 3

The figure above shows that the sand in the area affected by the after flood flow was at
completely different depths along the cross profile. Sometimes the sand had a deepness of
about 0.8 m and sometimes the silt sediments, which confined the sand downward, nearly
reached the surface. The silt layers were estimated to be originally part of the (overall
deposited) flood layer sediments which were sometimes not washed out. The silt layers
remained like lenses, which seem to be the result of the river, which changed its main flow
area. It is assumed that below of the silt layer, which confined the sand downwards, other
sand depositions would be possible, depending on the river flow some time ago. However,
the erosion channel got much wider during the rainy season and therefore it is assumed that
already soon the undisturbed flood layer depositions would be found in the depth on the
sides of the o.l. Following the reconstructed cross profile at o.l. 1 is shown (27.08.06)16:

Figure 49: Cross profile at o.l. 1 (about 60 metres upward of the dam)

16

The sand lens on the right side (below the 1 metre scale) is deduced from observations and photos at
beginning of field study when the incised channel was situated there.
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In the figure 49, the flood layer depositions are only illustrated schematically and their
thickness is not representative. The cross profiles at o.l. 2 and 3 were quite similar to o.l. 1
with the sediment banks on the sides confining the incised channel. On the bottom of this
incised channel mainly sand was deposited (compare annex 11), very rarely fine or even
middle coarse lenses were found, but concerning the total amount they were negligible.
Further upward in the reservoir the sediments at the bottom of the incised channel were
coarser. Between o.l. 4 and o.l. 5 gravel was the dominant material in the incised channel.
The depth of the incised channel decreased behind o.l. 1 (a bit more than 1 m) and did not
really exist anymore behind o.l. 5.

Figure 50: Architecture of the sediments in the Assabol reservoir

During the field study, the upper part of the reservoir was not affected by backwater due to
the reduced height of the dam. Therefore, fluvial processes dominated sedimentation in this
area and there did no typical incised channel exist. The reservoir bottom was quite similar to
a normal riverbed. The sedimentation in the riverbed was not extensively homogenous like in
the part affected by backwater and sediments were deposited in the form of lenses or banks,
which were then often re-deposited during flood events. In the most upper part of the
reservoir (first 100 m) the biggest blocks (> 0.5 metre) were deposited, in the lower part of
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the reservoir never affected by backwater nearly no big cobbles like this were deposited.
However, no significant grain size decreasing downward to o.l. 6 could be observed. In the
area never affected by backwater, the deposited material was poorly sorted.

8.2 Expected Sediment Architecture under Anticipated Future
Scenario 2:
”Closed
”Closed Gate Situation and a Dam Height of 40 Metre
Metres”
res”
In the future when the gate will be closed for good, the whole reservoir will be dominated by
the deposition of lacustrine sediment layers, which will expand over the whole reservoir
ground and not incised anymore through an erosion channel. These lacustrine sediment
layers will probably contain more fine material and less sand due to a longer retention time, a
bigger reservoir volume and a reduced stream velocity in the reservoir. At the upper end of
the reservoir a delta will be formed and move towards the dam but the delta movement will
be slow and the lower part of the reservoir will be quickly filled with the lacustrine sediments.
Therefore, the delta body is not expected to have time to move deeper into the reservoir.
However, some of the coarse grained material from the delta will be flushed downward into
the lacustrine deposition, especially when a flood event takes place and the reservoir water
level is not high, e.g. during the first Belg flood. But once the gate is closed for good the
water level will be high most of the time during the flood season and the bed load will be
transported only over a short distance because the calm water body does not allow high
stream energy in the reservoir even under a high flood situation.

Figure 51: Expected architecture of the sediment filling the reservoir under always close gate
situation

When the gate is always closed the major part of the reservoir will be filled with the
horizontally lying, graded flood layers. The filling up process of the reservoir will proceed fast
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due to the depositions that have reached more than 2 m during summer rainy season 2006.
In the future, the area of the reservoir ground will increase and as a result the deposited
sediments will be distributed over a bigger area and there thickness will maybe reduced. On
the other hand, the trap efficiency of the reservoir will be increased and therefore even more
sediments will be deposited in the reservoir in future.
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9

Hydrological
Hydrological Characteristics of Sediments
Sediments

In this chapter the hydrological characteristics of the sediments deposited in the area mostly
affected by backwater are presented. The deposited sediments in this area are mainly silt,
sand and mix of silt/sand. In the future, most of the reservoir will be filled with these
sediments if the gate is closed. From these three substrates the infiltration rate, porosity and
specific yield was evaluated.

9.1 Infiltration
The infiltration rate of the sediments in the Assabol reservoir was measured with the double
ring infiltrometer (compare 4.7). The determination of the infiltration rates seemed to be
particularly important for the three main substrates deposited by flood in the area affected by
backwater (sand, silt and sand/silt mix). These fine sediments will be the limiting factor for
the infiltration in the sediment body due to their small grain size and their great horizontal
extension. The infiltration rate of these three main substrates deposited by one flood event in
the area affected by backwater was measured several times in different flood depositions, at
different places in the reservoir and for different contents of water in the sediments.
However, the sediment samples were never completely dry. The result for each substrate
was quite similar, also for different water contents, and should here represented by two sand
infiltrations, two silt/sand infiltration and one silt infiltration measurements.
All the infiltration measurements were done in the second half of August 2006 direct in the
reservoir. The sand layer 1 was a bit wet, located on a flood sequence bank in a depth of
about 50 cm. The sand layer 2 was located in the incised channel area; this is why it was
completely wet. The two mix of sand/silt 1 and 2 were both situated on the flood sequence
banks. Both substrates were a bit wet and the silt/sand mix 1 contained a few more fine
particles. The silt infiltration measurement was also done on a silt layer of the flood
sequence banks. Again, the silt was a bit wet. Many more silt infiltration measurements were
carried out and all of them, independent of whether the samples were wet and where they
were found, where quite similar. All the infiltration rates were calculated into millimetres per
square metre.
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Figure 52: Infiltration measurements of five samples direct in the field

As shown in the figure 52 above the infiltration rate of the silt layers was very small. In 60
minutes only 1.2 litres of water infiltrated in one square metre silt layer. The infiltration rate of
the sand/silt mix was much higher with more than 70 litres per 30 minutes. The water
infiltrated the fastest in the sand layers. However, the water infiltrated faster in the half-dried
sample sand 1 than in the completely saturated sample sand 2. Finally, it can be stated that
almost no water infiltrated in the silt depositions but the water infiltrated easily in the sand/silt
mix and in the sand layer.
The self made hole-infiltration procedure was done to obtain some information about the
lateral infiltration in the flood sequence sediments (compare 4.7.1).The hole was dug in the
biggest sediment bank that had not yet been affected by the incised channel yet (on the right
side of o.l. 3). The sediment bank was little wet due to the backwater of a flood that had
taken place two days before. The hole was filled quickly with water. It was observed that
during 150 minutes 188 litres of water had infiltrated laterally in the sediment bank. The
maximum surface area of the hole was 1.1 square metres. The active surface area became
smaller when the water level in the hole decreased. By dividing the amount of infiltrated
water by the maximal surface area and the time 68.4 litres of water infiltrated laterally per
one square metre shuffle planed flood sequence deposition per hour. At least this value can
be expected because not the complete surface area of the hole was always active. Most of
the water infiltrated in the sand and mix of sand and silt layers, which have therefore good
hydraulic properties concerning take up and storage of water. The pure silt layers between
are estimated to have taken up almost no water according to the infiltration measurements
with the double ring infiltrometer presented above.
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9.2 Porosity
The porosity and the water storage ability were measured using four samples. Two gravel
samples were taken from the area sometimes affected by backwater (around o.l. 5). The
sand sample was taken from the incised channel at o.l. 1 and the silt sample was taken from
a silt layer in a flood sequence sediment bank at o.l. 2.
The porosity of the gravel, sand and silt samples was evaluated in two different ways. On
one hand, the relation between the maximum amount of water taken up by the samples and
the total volume of the samples determines their porosity and on the other hand, the porosity
can be calculated by using the weight of the dried material (compare 4.7.3). These two
calculations lead to little different porosity rates:

Table 12: Porosity evaluated with drainage measurements

Volume of added
water (litre)
Volume of the
sample (litre)
Porosity

Silt

Sand

Gravel 1

Gravel 2

14.45

12.95

6.6

7

23

30

19.5

22

63%

43%

34%

32%

Table 13: Porosity evaluated with the specific weight of the dried samples

Silt

Sand

Gravel 1

Gravel 2

Specific weight
(g/cm3)

1.27

1.47

1.79

1.81

Volume of the
sample (litre)

23

30

19.5

22

Porosity

58%

45%

32%

32%

The two calculations of the porosity led to quite similar results with only small differences.
The main reason for these differences between these two calculations is presumably the
difficulty to determine when the samples were completely saturated. The amount of added
water might therefore not have corresponded with the free pore space in the samples. The
porosity calculated with the dried weight of the samples is therefore assumed to be more
reliable.
As shown in the tables above the silt sample had a very high porosity of 58%. The sand with
a porosity of 45% had more pore space than the gravel samples with only 32%. The reason
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for this difference is probably that the gravel samples were very poorly sorted compared to
the sand and therefore most of the interstices of the gravel samples were filled with particles
and therefore did not contribute to the pore space.

9.3 Specific Yield

Drained Water (l)

The specific yield of the samples was assumed with drainage measurements. The specific
yield can be evaluated over the amount of drained water and the total volume of the
saturated sample. In the figure below the drained water per time is illustrated for the four
samples.

7
6
5
4
3
2
1
0
0.0

24.0

48.0

72.0

96.0

120.0

144.0

168.0

Time (h)
Silt

Sand

Gravel 1

Gravel 2

Figure 53: Drainage measurements of four samples

It has to be considered that in the figure above the specific yield is not included because the
different amount of added water is not accounted. Nevertheless, the figure shows that most
of the drained water drained out already during the first two days of the measuring process.
The silt, however, yielded the water quite continuously (but in very small amounts). To
determine the specific yield of the sample the amount of drained water had to be confronted
with the total volume of the sample.
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Table 14: Specific yield of four samples resulting from drainage measurements

Volume of
drained water
(litre)
Total volume
sample (litre)
Specific yield

Silt

Sand

Gravel 1

Gravel2

0.48

6.02

3.97

4.38

23

30

19.5

22

2%

20%

20%

20%

The specific yield of the silt sample was very small (only 2%). All the other samples drained
out around 20% of the total volume. These values seem to correspond with other
measurements when compared with the literature about this subject (compare 3.5.3). The
gravel and the sand samples were able to take up, store and drain considerable amounts of
water: the silt, however, was hydraulic not adequate for these processes.

9.4 Permeability
Permeability
Originally, it was planned to get some information about the permeability of the deposited
sediments with a pumping test. But firstly it was more complicated than expected to organize
all the material and infrastructure needed for a test like this and secondly the condition of the
reservoir sediments was not at all favourable for a pumping test. The most problematic
aspects were the very heterogeneous and small-scaled aquifer (different and thin sediment
layers), the penetrating canal in the reservoir and the impermeable valley boundary.
It is assumed that the results concerning the infiltration and specific yield measurements
together with the cognitions concerning the architecture of the sediment body give sufficient
information to estimate the hydrogeomorphology of the sediment filling the reservoir.
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10 Sediment Balance

10.1 Deposition in Reservoir in Summer
Summer 2006 (without Erosion)
In this paragraph, the total amount of deposited sediments in the reservoir during the field
study is evaluated. It is important to note that the amount of sediments, which was removed
(flushed through the gate) is not subtracted. The total amount of sediments deposited in the
reservoir during the summer rainy season 2006 can be estimated with the height and
extension of the sedimentation. The amount and compositions of the deposited sediments
were different for each sedimentation process. Hence, the sediment depositions have to be
divided up into the three areas of sediment deposition.
In the area nearly always affected by backwater the average height of sedimentation is
estimated to be about 2.25 m, in the area sometimes affected by backwater the height of
sedimentation was about 2 m. In the area never affected by backwater, no significant
sediment deposition could be observed. The area nearly always affected by backwater at
sediment ground was about 1.78 ha big (annex 12). Therefore, about 40,000 m3 of flood
sequence sediment were deposited in summer 2006 in the part of the reservoir nearly
always affected by backwater during. The area sometimes affected by backwater was about
0.32 ha big and the sediment elevation was about 2 m in 2006. Consequently, in the area
sometimes affected by backwater about 6,400 m3 mainly poorly sorted sand and gravel were
deposited. In the area never affected by backwater, no significant sedimentation could be
observed in 2006. For the sediment balance equation the sediment volume had to be
converted into sediment mass based on deposit density. The dry weight (or dry bulk density,
specific weight) of the sediment is estimated to be 1.35 t/m3 for the typical flood sequence
sediments and 1.7 t/m3 for the sediments deposited around o.l. 5 (annex 13).

Table 15: Quantitative information of sediments deposition in summer 2006

Part nearly always
affected by
backwater

Part sometimes
affected by
backwater

Part never affected
by backwater

Height of sedimentation in
summer 2006

2.25 m

2m

0m

Area of deposition

17,764 m2

3,213 m2

16,000 m2

Volume of deposition

39,969 m3

6,426 m3

0 m3

Average dry bulk density17

1.35 g/cm3

1.7 g/cm3

2 g/cm3

Total mass of deposition
in summer 2006

53,958 t

10,924 t

0t

17

Evaluation of the dry bulk density in annex 13.
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The total deposited mass of sediments in summer 2006 was about 65,000 tons (=about
46,000 m3); that results in 100,000 tons (=about 70,000 m3) assuming that two third of the
rain falls during Krempt and that the sedimentation is linear to the precipitation.
In the part of the reservoir nearly always affected by backwater all the deposited sediments
were suspended load. In the part sometimes affected by backwater about 60% of the
deposition were bed load. Consequently, the deposited sediments in the reservoir consisted
of about 90% of suspended load and of about 10% of bed load.

10.2 Deposition in Reservoir in Summer 2006 (with Erosion)
The calculations above are based on the sediment deposition without erosion. During the
field study when the gate was open all the time, a lot of deposited sediments were
remobilized and flushed through the outlet out of the reservoir. As a result of this a broad
incised channel was developed. The two photos below show the same part of the reservoir
at the beginning and at the end of the field study. The photo on the left was taken on 7.07.06
and the one on the right on 7.09.06. It can be seen that the incised channel became much
wider during this period of time (more photos: annex 10).

Figure 54: Development of an incised channel

In the lower part of the reservoir, the width of the incised channel is assumed to be70 % of
the whole width of the valley. The elevation of the incised channel was about 0.5 m and the
elevation on the side of the sediment banks about 1.5 m. The slope of the sliding edges of
the banks was very steep with an angle of approximately 70°. Concerning all these factors
the washed out material in relation to the deposited material is about 50% in the area
between the dam and o.l. 4.
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Figure 55: Extension of the incised channel built up in rainy season 2006

Without the flushing (= without erosion) about 65,000 tons of sediments were deposited in
the reservoir during the summer rainy season 2006 (Krempt). About 50% of these deposited
sediments were flushed out of the reservoir again during this time. Hence, about 35,000 tons
(= about 25,000 m3) of sediment were finally deposited in the reservoir during the Krempt
rainy season. For the whole year this will result in about 50,000 tons (= about 35,000 m3).

10.3 Filling Up Time of Res
Reservoir
eservoir
The expected total volume of the sediments deposited in the reservoir in the whole 2006
(without erosion due to the flushing) is 70,000 m3. Thus, the annual storage loss dVL of the
reservoir (for the year 2006 without flushing activitiy) is

dVL =

Vs
70,000
=
= 9%
Vr
775,000

If the sedimentation will go on under the same circumstances, the reservoir would be
completely filled in about 11 years! With the increased height of the dam in the future, the
trap efficiency of the reservoir and therefore the sediment deposition will even increase. If
2006 would be a representative year concerning the sedimentation, the reservoir would be
filled in less than 10 years without flushing activities.
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Due to the flushing processes in 2006 “only” about 35,000 m3 of sediments stayed finally in
the reservoir. In consequence, the annual storage loss dVL (for 2006 with flushing activity) is
reduced

dVL =

Vs
35,000
=
= 4.5%
Vr
775,000

The efficiency of the flushing is closely connected with the amount of already deposited
sediments in the reservoir. If the reservoir would be nearly filled with sediments, the floods
would probably flush out more sediments than they would deposit. For that reason, it is
difficult to estimate the amount of future sediment deposition in the reservoir when the
reservoir will be flushed. In chapter 11 the efficiency of the flushing at this time and in the
future is assumed.

10.4 Estimation Concerning Sediment Delivery
Delivery from Watershed
and Trap Efficiency of Reservoir
In total, the floodwater brought more sediment from the watershed in the reservoir than the
evaluated deposition in the reservoir. Because not all of the sediments yielded from the
watershed were deposited in the reservoir, a part was transported by the water through the
reservoir. Usually, the total sediment input from the watershed can be calculated from the
deposited sediment mass in the reservoir with the estimated trap efficiency of the reservoir
(compare 3.4.1). The trap efficiency can be estimated after Brune or others, but it is very
difficult to estimate the trap efficiency of the reservoir when the gate is open. The volume or
capacity of the reservoir, usually determining the volume of water in the reservoir, is a central
factor for these trap efficiency calculations by giving information on how much water stays for
how long (retention time) in the reservoir. For the reason that the gate was open during field
study, the retention time of the water in the reservoir cannot be related to the reservoir’s
capacity.
Thus, when the gate was open the trap efficiency of the reservoir could not be evaluated with
Brune’s or Brown’s curve (figure 9 and 10). These curves only gave information on the trap
efficiency of the reservoir under closed gate situation. However, the trap efficiency of the
reservoir would be bigger when the gate is closed than when the gate is open and therefore,
the evaluated values after Brune or Brown should give at least information on the maximum
trap efficiency of the reservoir under open gate situation. By using Brune’s formula the trap
efficiency of the reservoir under close gate situation and 30 m dam height is about 80%
(reservoir capacity (30m) 0.32 million m3 and annual inflow about 12 million m3) and after
Brown maximal 25% (reservoir capacity 0.32 million m3 and drainage area 450 km2). These
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two values are very different from each other’s and show that the subject of trap efficiency is
quite complex and not to determine for the watershed with theoretical formulas.
In the following paragraph, the trap efficiency of the reservoir, during field study under open
gate situation, shall be estimated including field measurements and observations: For the
bed load the trap efficiency is assumed to be nearly 100% under open gate situation as well
(only some small amounts of sand are assumed to be flushed out of the reservoir).
Consequently, the amount of bed load entering the reservoir is nearly as big as the amount
of the bed load deposited in the area sometimes affected by backwater. Nevertheless, for
the suspended sediment yield the trap efficiency had to be evaluated. The trap efficiency of
the reservoir for the suspended sediment during the field study could be evaluated by putting
the amount of water entering the reservoir and the expected average suspended load of this
water in relation to the known deposited suspended sediments. The water amount entering
the reservoir is known for the major part of the Krempt in 2006, but unfortunately, only from
the flood event on the 2.08.06 the suspended load is known over a long period of time.
However, at least for this flood event the trap efficiency of the reservoir for the suspended
sediments can be evaluated quite exact 18 (annex 14): the total deposition of this flood was
about 4,200 tons and the evaluated suspended sediment input was 7,500 tons. Therefore,
about 60% of the incoming suspended sediments were deposited in the reservoir during this
flood event. This trap efficiency value is very high compared with Brown’s 25%. However, it
is quite similar to the Brune’s value (80%), which is expected to be higher than the measured
one (because he calculated the value for a closed reservoir). In addition, the very rough
estimation about the amount of annual suspended sediment entering the reservoir
(evaluated in 7.2.2 = 125,000 m3) is nearly two times the evaluated sediment deposition
(without erosion) for 2006 (= 70,000 m3). This rough calculation results in a trap efficiency of
about 56% and is a further indication of a trap efficiency of the reservoir of over 50%.
Nevertheless, it is important to note that the two values from Brune and Brown vary
considerably and the trap efficiency for the suspended load evaluated from one flood event
may not be representative for the annual average: it is possible that the trap efficiency for
other floods would be quite different from this evaluated flood event. Hence, no absolutely
reliable conclusion can be gained concerning the trap efficiency of the reservoir during the
field study. Nevertheless, a trap efficiency of about 50% seems to be most realistic.

18

The sedimentation processes can be very irregular and therefore the trap efficiency evaluated from one flood is
not equal for all other floods. But at least the trap efficiency calculated from the one flood event gives probably
more detailed information than the very rough values evaluated by using the curves of Brown or Brune.
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To assume the sediment yield of the watershed and especially to allow comparison with
other sediment yield data in Tigray and with the suspended sediment map of Annadale, the
sediment yield was calculated with a low trap efficiency of the reservoir of 25%, a middle trap
efficiency of 60% and a high trap efficiency of 80%:

Table 16: Calculation of sediment yielded from the watershed

With trap efficiency
= 25%

With trap efficiency
= 60%

With trap efficiency
= 80%

Total mass of
deposition in the
reservoir in 2006

100,000 t

100,000 t

100,000 t

Total mass of
sediments yielded
from the watershed in
2006

400,000 t

166,666 t

125,000 t

Sediment yield of
the watershed in
2006

8.9 t/ha

3.7 t/ha

2.7 t/ha

The sediment yield of the Assabol watershed in 2006 is probably somewhere between these
scenarios with 8.9 t/ha (0.89 kg/m2 or 899 t/km2) and 2.7 t/ha (0.27 kg/m2 or 270 t/km2). The
most realistic sediment yield is expected to be around 4 t/ha (trap efficiency about 50%).
Haregeweyn et al. evaluated the sediment yield of many different watersheds in the Tigray
region and developed a rating list, which is presented below.

Table 17: Estimated sediment yield and rating class for some reservoirs in Tigray (Haregeweyn et al.
2005)

Estimated sediment
yield ranges (t/hayr)

Rating class

> 18.3

1 (high)

6.1 – 18.3

2

3.0 – 6.1

3 (moderate)

1.2 – 3.0

4

< 1.2

5 (low)

According to the rating list above, all values for the sediment yield in the watershed
evaluated in table 16 seem to be realistic and the sediment yield is, according to
Haregeweyn et al., between moderate and moderate/high. In the world map of annual
suspended sediment yield (map 7) a suspended sediment yield of over 500 t/km2 (5 t/ha) for
the area is shown.
Finally, it is important to mention that not all the material eroded in the watershed reaches
the reservoir because only a proportion of the sediment that is eroded will be transported
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down the watershed (compare 3.2.1). The SDR represents the efficiency of the transport
process in the watershed. The most widely accepted method to evaluate the SDR is the ratio
between sediment delivery ratio and drainage basin area:

SDR = 0.42 ⋅ A −0.125
Where A = drainage area in square miles (450 km2 are equal to 173.8 square miles)
Therefore, the SDR for the Assabol Watershed is 0.22, by using the equation above. The
sediment yield in the Assabol watershed is therefore only about 22% of the eroded material,
which will probably be between 40.5 t/ha and 12.3 t/ha for 2006. About 20 t/ha seem to be a
most likely amount of eroded material in the watershed.
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Part IV: Discussion

11 Major Findings, Discussion and Synthesis
In this last chapter the major findings of the thesis are presented, namely answers to the research
questions concerning watershed and reservoir. Furthermore, the flushing potential of the reservoir is
discussed. Finally, a synthesis about the hydrogeomorphology of the sediments filling the reservoir
and the resulting techniques of reservoir management is presented.

11.1 Major Findings Concerning Watershed and Reservoir
The total volume of the reservoir with a dam height of 40 metres will be at least 775,000 m3. Some
small incisions by tributary valleys may be increase the volume a little, but 1,000,000 m3 seem to be
the maximum volume of the reservoir.
The total outflow (and inflow due to the open gate situation) of the reservoir during the measuring
period 20.07.06 – 08.09.06 was about 9,150,000 m3. During this time, 26 flood events have taken
place. The discharge amount of the floods ranged between 30,000 m3 and 1,700,000 m3 and the
average discharge of the 26 floods was 350,000 m3 per flood event.
For about 10% of the precipitation in the watershed resulted in runoff during Krempt rainy season
2006. The annual variability of the precipitation and therefore of the runoff in the watershed is very
high. There can at least five floods be expected per year, whereby in the wet year 2006 over 30
floods have been taking place.
The floodwater of the Assabol watershed transports a lot of suspended sediments, at high flood stage
sometimes more than 5%. The suspended sediment concentration is biggest at the beginning of the
flood and decreases continuously in time. The suspended load is the dominant sediment delivery into
the reservoir: In summer 2006, about 90% of the deposited sediments were suspended load.
The total sediment deposition in the reservoir in 2006 is expected to be about 100,000 tons (70,000
m3). It was not possible to determine the exact trap efficiency of the reservoir and for that reason the
sediment yield of the watershed not exactly known. However, the most realistic sediment yield of the
watershed is expected to be around 4 t/ha.
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11.2 Flushing Potential of Assabol Reservoir
For a successful reservoir management the preserving of reservoir storage is a crucial
factor. Therefore, one possibility is to flush sediments through specifically built outlet works
within the dam. In the following paragraph it is evaluated whether the factors needed for an
effective flushing (compare 4.4.2) are met in the case of the Assabol reservoir.
The reservoir is a long, narrow and steep sited valley with quite a steep longitudinal slope,
which is favourable for flushing. The only factor concerning the shape of the reservoir, which
is not ideal for flushing, is that the reservoir valley is not straight and has some curves.
However, according to the literature, this is not influencing the flushing effect. Hence, the
shape of the reservoir would be perfect for flushing purpose because the incised channel
would be intensive (longitudinal slope) and reach almost the whole reservoir area.
From the hydrological aspect the reservoir seems to be suited for flushing as well: when the
flushing is operated during the rainy season more than 10% of the mean annual runoff could
be anticipated. The flushing discharge of at least twice of the mean annual flow could easily
be reached too by flushing with flood events. Furthermore, the volume of the reservoir is
small compared to the annual runoff of the watershed and there is a regular annual cycle of
flow and a defined flood season, which are both factors suitable for flushing.
Another point influencing the adequacy of flushing is the mobility of the reservoir sediments.
Most of the reservoir will be filled with flood sequence sediments and these sediments are
quite unstable due to their gradation and layering; this circumstance was observed during
the field study when the sediment banks were easily collapsing. Additionally, the grain size of
these sediments is fine and as a consequence the transport is mainly limited by supply.
Because of these two factors, the deposited flood sequence sediments are presumed to be
very suited for an effective flushing.

Concerning only the shape of the reservoir, the hydrological aspect of the watershed and
the composition of the sediments, the Assabol reservoir seems very suitable for flushing.
The big and only limitation will be the hydraulic capacity of the gate outlet.

For an effective flushing the gate outlet must be sufficient to maintain the reservoir at a
constant level during the flushing period. This is not the case for the Assabol outlet because
during the field study, when the outlet was always full open, backwater occurred during
floods. Therefore, the gate outlet seems to be too small for a very effective flushing because
under backwater situations the high flood stages, which are estimated to be the most
effective flushing situations, do not contribute much to the flushing effect (probable they only
form a flushing cone close to the flushing outlet). Riverine conditions, which are suitable for
flushing, only occurred if the water input of the watershed was equal or smaller than 2.4 m3/s
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(in this situation all of the water flowed direct out through the gate outlet). This was the case
during the after flood flow. Normally for big floods the backwater situation existed for 12 to 24
hours and afterwards for about the double time period considerable after flood flow took
place. A positive aspect of the generated backwater (by the small gate) is the saturation of
the sediments, which get quite unstable and are much easier to erode (bank slumping)
afterwards.
It is difficult to asses if the outlet will allow effective flushing of the reservoir in the future.
During the field study, about half of the deposited sediments were flushed out again in the
area affected by backwater and the incised channel was very wide and almost expanded
over the whole width of the reservoir valley in the lower part (annex 10). For that reason, the
flushing under the conditions that existed during the field study seems to be effective.
However, during this time the gate outlet was one sixth bigger (compare 5.2.3) and open
during the whole rainy season. Additionally, the floodwater exceeded the annual average.
Thus, the flushing effect is expected to be reduced in the future. On the other side, the more
sediment that is deposited in the reservoir the bigger the longitudinal slope of the reservoir
and the bigger the erosion power of the flushing water. Besides when further sediments are
deposited in the reservoir the height of the sediment banks will increase and the more
material will collapse in the incised channel and transported away (for this small size particle
the transport is mainly supply limited and even little water will transport away a lot of these
fine sediments). Therefore, it is an intellectual extrapolation and very difficult to forecast what
amount of the reservoir’s volume can be hold free through flushing in the future (especially
concerning the high amount of floods and the permanent open gate situation during the field
study).
It is expected that on the long-term equilibrium between sediment deposition and erosion will
take place. The big question at this time is at which moment this equilibrium will take place.
The answer to this cannot be found in this thesis. It might be a good idea to open the gate
during the first month of the main rainy season19 (July). After some years, it can be evaluated
if this period is too short for effective flushing or not. If the flushing will not be effective, the
flushing period has to be prolonged. This, however, increases the risk that the reservoir will
not be able to yield enough water during the whole year. In the worst case, it has to be
considered if it is technically possible to make the gate outlet bigger to raise the flushing
efficiency. If the gate outlet would be bigger, an efficient flushing in the Assabol reservoir
should be assured.

19

The duration of the flushing period has to be fixed by regarding two aspects: The longer the flushing period the
better the flushing effect but on the other hand also the higher the risk that no flood will take place anymore and
the reservoir will be empty during the dry season
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11.3 Hydrogeomorphology of Sediment Body Filling Reservoir in
Future and Resulting Techniques of Management
If, in the anticipated future, the sluice gate would be closed all the time, the big part of the
reservoir would be filled all over with horizontal lying flood sediment layers. The top of each
flood layer consists of silt. This silt material has minimal infiltration capacity and is therefore
like an impermeable layer, preventing water (e.g. from the lake covering the sediments) from
rapid vertical infiltration into the sediment. The sand and silt/sand mix, forming the lower part
of each flood layer deposition, would be able to take up, store and yield water, but it would
not be possible to profit from their hydrological quality anymore as the water could not get
through to these intermediate layers quickly enough.
For that reason, when the gate is always closed, only those parts of the reservoir where
there is no sediment deposition would be able to store and yield water. Most of the part
occupied by sediment depositions would not be involved in this interchange of water and
therefore these deposited sediments would be a reservoir lost volume. This lost volume
would increase very rapidly so that in about 10 years time it would finally fill up the reservoir
completely. It is estimated that the floods would then flow over the filled reservoir and almost
no water could infiltrate in the sediments. Hence, the reservoir would be quite useless, at
least as a water supplier.
The construction of adequate water use techniques seems very difficult under this situation
too, because the water will anyway not infiltrate deep enough into the vertical blocked
sediment body. It would be very difficult to find a solution to interrupt permanent the vertical
blockage. It might be possible to create infiltration areas where the deposited flood sequence
sediments are replaced by coarse-grained particles; however, the area would have to be
very big to conduct enough water into the sediment body. Furthermore, it is expected that
the infiltrating floodwater, which contains a lot of suspended load, would deposit fine
particles in the interstices of the substrate building up the infiltration zone. Therefore, this
zone would not be permeable for long. In addition, after a flood event, the infiltration zone
would be covered with the flood layer deposition as well and it would always be a lot of work
to remove these sediments. Hence, the achievement of the aim of the Assabol Flood Water
Harvesting Scheme seems very unrealistic under always close gate situation and the
resulting sediment filled up reservoir, as it was once seen as a practical solution.
Thus, the best solution for the Assabol Flood Water Harvesting Scheme is to keep as big a
part as possible of the reservoir free from sediment depositions. The easiest way to achieve
this for the Assabol reservoir is assumed to be by flushing, because the Assabol reservoir is
suited for flushing purposes from all natural aspects. The only limitation will be the quite
small gate outlet. The future will show whether the gate outlet is big enough for effective
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flushing. The duration of the flushing period is another very important factor. During the next
couple of years, the flushing efficiency of the reservoir can be observed. In the worst case, if
it is not possible to achieve an effective flushing with the small gate outlet and a maximal
flushing period, the safest solution concerning a high flushing efficiency will be an
enlargement of the gate outlet. If the gate outlet is big enough for the floodwater to flow
through without leading to backwater effective flushing can be guaranteed. With this assured
effective flushing a considerable part of the reservoir should be kept free from sediments in
long-term future.
Apart form this, another very favourable aspect of the flushing method for the Assabol
reservoir is the development of a deeply incised channel. This incised channel cuts through
the overall expanded flood layer depositions and for that reason the vertical infiltration
blockage would be destroyed. The water could then infiltrate laterally into the sediment body
during backwater in the reservoir and exfiltrate during decreasing water levels. Thus, some
parts of the deposited sediments would store and release water and would not only be lost
volume if the reservoir is flushed.

Finally, the author would like to mention that during the field study, it was observed that the
reservoir has not only the potential to deliver water for the people. The reservoir is a
collection pot for many different materials (fertile soil, sand and gravel and organic material
such as wood and mulch) washed from the watershed. All these materials are very valuable
for the Erob Wereda with its limited natural resources. The fertile soil, which is deposited in
huge amounts in the reservoir, can be used to improve the fertility of the arable land. The
reservoir also influences the riverbed above and below of the reservoir and leads to new
sediment depositions that are often well sorted. These well sorted sands and gravels are a
very valuable material for the construction work. Furthermore, the floodwater collects and
transports pieces of wood of a big area to the reservoir. This wood is of great value for
cooking and also for construction sites. The water, of course, washes smaller organic
particles to the reservoir just as well. These particles are too small to be suitable for fire but
none the less they have a high worth in this area with poor soils. The organic material can
either be composted first or it can be ploughed into the soil as fertilizer directly. Another
option is to spread it on the surface of the fields to reduce evaporation and to increase
biological activities. In summer 2006, the Erob people exploited some wood and also gravel
and sand depositions. It will probably take some time (especially in this traditional society)
until the people realize the big advantages of other of these materials provided by the
reservoir and start using it. Especially the fertile soil is expected to be very useful for the
agriculture. It might be that in the future these alternative resources of the reservoir will get a
much higher importance, which can also be supported by an accurate reservoir
management. Next to the water, the Assabol reservoir will provide in this case many other
important resources to improve the live of the people in the Erob Wereda.
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Annex 1: Assumption of Average Annual Precipitation in
the Watershed
The average annual rainfall in the watershed is not known definitively because there exist
(no long time) data series which would be important due to the high annual variability of
precipitation in the watershed. The following estimations and assumptions about the
precipitation in the watershed are gained from the Atlas of Ethiopia, Widmoser and
Strebel. No others sources could be found:
•

Widmoser reported 1974 that according to the Atlas of Ethiopia the annual rainfall
ranges from 500 – 550 mm per year in the upper plateaus and mountains and
from 400 – 500 mm in the escarpment and the lowland basin.

•

Widmoser (1974) evaluated some government rain data of Tigray in the years
1972-1974, whereby none of the recording stations were located direct in the
watershed. But both Adigrat and Adi Keiyh are situated in the upper plateau near
the watershed. Adigrat is situated less than 10 kilometres south of the watershed
and Adi Keiyh (near Senafe) about 10 kilometres north of the watershed.
Widmoser evaluated for Adigrat an annual average (1970-1974) of 468 mm and
for Adi Keiyh (1972/1973) of 536 mm. Therefore, in the upper plateau of the
watershed in the years 1970-1975 the average annual rainfall was about 500 mm.
But it has to be mentioned that the recording period is known as unusually dry.

•

From the years 1975 and 1976 the precipitation was recorded by Strebel (Strebel
1979) at Alitena, a village situated only two kilometres beneath of the Assabol
dam (in river direction) and for that reason near to the boarder of the watershed.
Therefore, Alitena rain recordings give information to the precipitation in the
lowest part of the watershed in the escarpment. For the year 1975, which was
extraordinary wet, more than 461 mm were recorded (without Jan. and Feb.) and
for the year 1976 only 336.2 mm. Strebel estimated an annual average of about
400 mm in the area near Alitena. With help of own estimations and oral interviews
of local people Strebel (1979) assumed that a little less than two thirds of the
annual rainfall takes place during Krempt rain.

•

The National Atlas Of Ethiopia shows a mean annual rainfall of less than 400 mm
for the Lowland and between 400 mm and 800 mm for the upper plateau
(National atlas of Ethiopia: 1988)

The estimations above are compared with the rain data collected in summer 2006 in relation
with this thesis and with rain data of the last five years in Daw Han collected by the Office for
Agriculture in Daw Han:
•

The own made rain gage records during the field study in summer 2006 varied in the
five stations (compare 5.2.1) between 300.5 mm and 176 mm, with an average of
246.8 mm rain in these five stations. Because the rain gages were installed first time
at the fifth of July 06 just a little rain at the beginning of the Krempt was not recorded
and the total amount of the Krempt rain in 2006 is little more. However, 300 mm as
average of Krempt rain 2006 of these five stations seems to be the maximum,
whereby the Krempt rain 2006 according to the local people was over the long annual
average. Using the statement of Strebel (Strebel 1979: 21) that nearly two thirds of
the annual rain falls in Krempt this evaluated 300 mm in Krempt results in only about
450 mm for the whole year (although the year was over the average wet).
Astonishing the own recorded rain at Daw Han (very close to Alitena), which was
located the as the lowest of all five stations, was with 279 mm higher than
Zalambessa on the upper plateau (242 mm). Unclear is the fact whether this
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difference is the result of the erratic and small scaled climate or more the result of
unreliable recordings. For Daw Han the recordings are estimated to be reliable and
give for the whole year about 450 mm. This value fits well to the estimation of Strebel,
that the annual average at this lowest point of the watershed is around 400 mm by
assuming that 2006 was over the average wet.

•

Over the last five years (1993 – 1998 Ethiopian Calendar) the Agriculture Office of
Erob Wereda in Daw Han recorded for the Krempt rain in Daw Han (in a distance of
about 300 meters from the Dam) an annual average of only 222.5 mm. Considering
that two thirds of the annual rain falls during Krempt this results in 334 mm per year20.
Even considering that Daw Han is at the lowest point of the catchment this shows
that the rain amount shouldn’t be overestimated. However, it has to be said that the
reliability of these data from the Agricultural Office in Daw Han are not really
assumed to be absolute verified by the author because there where some quite big
differences between the own recording station and the office station located not more
than few hundred meters away. It is possible that the accurate rain amount might be
a little more than the measurements of the Agricultural Office in Daw Han.

Conclusion:
There are no reliable data revealing verified information for the long time annual average
rainfall in the watershed. But including the different aspects from the Ethiopian Atlas,
Widmoser, Strebel, the Agriculture Office in Daw Han and the own rain gage
measurements, the annual average rainfall in the watershed is estimated to be:
•

In average between 350 mm and 400 mm at the lowest part of the watershed in
the east (Daw Han, Alitena).

•

In average between 500 mm and 600 mm for the highest part of the watershed.

Three quarters of the watershed are located below 2,400 metres asl and one quarter
above. If Alitena represents the lower three quarters and Adigrat the upper quarter an
average rainfall of about 420 mm results. However, Alitena which represents in this case
the rainfall for the major part of the watershed is located little lower than the watershed.
Therefore, the annual average precipitation in the watershed is probably little more and
an average rainfall of about 450 mm seems to be the most realistic prediction for
the watershed.

20

Unfortunately rain data from the Agricultural Office in Daw Han were only available for the Krempt rain.
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Annex 2: Comparison of Measured Distances:
Rope Measurements to Laser Measurements
Distance String

Distance Laser

Difference

Failure

34.34 m

34.46 m

0.12 m

0.0035

20.23 m

20.32 m

0.09 m

0.0044

16.98 m

17.12 m

0.14 m

0.0083

16.06 m

16.11 m

0.05 m

0.0031

53.22 m

53.46 m

0.24 m

0.0045

8.76 m

8.78 m

0.02 m

0.0023

23.32 m

23.45 m

0.13 m

0.0056

49.87 m

50.01 m

0.14 m

0.0028

The table shows that there was no big difference between the distances measured by using
a string or a laser. The failure was always clearly under one per cent. Therefore, it was
acceptable to measure the distances with the string method.

Annex 3: Corrected and Uncorrected Water Level

In the figure above the corrected and uncorrected water level is shown. The red circles mark
the points in time when the gate was cleaned.
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Annex 4: Remaining Moisture of the Sand and Silt
Sediment Samples after Being Dried Under the Sun for
Several Weeks

Sample

Location during
drying under the
sun

Weight of
the
sample
bowl

Weight of
sample and
bowl before
oven drying

Weight of
sample and
bowl after
oven drying

Sand 1

Below

6.4

148.7

148.2

0.0035

Sand 2

Below

6.8

162.2

161.9

0.0019

Sand 3

Middle

6.6

135.8

135.2

0.0046

Sand 4

Middle-above

6.9

150

149.6

0.0028

Sand 5

Above

6.7

75.4

75.1

0.0044

Silt 1

Below

138.8

303.8

300.4

0.0206

Silt 2

Below

138.8

378

375

0.0125

Silt 3

Middle-above

138.8

324.4

322.6

0.0086

Silt 4

Middle-above

138.8

345.4

342.6

0.0136

Silt 5

Above

7

152.8

151.5

0.0089

Moisture

After the sand and the silt were dried for several weeks under the sun five samples were
taken from both and then heated in the oven to evaluate the remaining moisture. Both silt
and sand samples obtained only a little moisture: less than 0.5% for the sand samples and
less than 2% for the silt samples.
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Annex 5: Precipitation Amount of Some Several Particular
Storm/Flood Events
In the following table the rain amount in mm at the rain gage locations per storm/flood event
are illustrated.
2.08.06

7.08.06

8./9.08.06

11.08.06

13.08.06

21.08.06

1.09.06

August

Daw Han

23 mm

5 mm

63 mm

5 mm

0 mm

0 mm

1.5 mm

171 mm

Sebea

42 mm

12 mm

32 mm

20 mm

20 mm

0 mm

27 mm

198 mm

Ayire

35 mm

21 mm

40 mm

42 mm

10 mm

0 mm

42 mm

265 mm

Kareda

18 mm

14 mm

40 mm

10 mm

15 mm

0 mm

13 mm

142 mm

Zalambessa

3 mm

0 mm

33 mm

25 mm

0 mm

6 mm

18 mm

138.5 mm

Average

24.2 mm

10.4 mm

41.6 mm

20.4 mm

9 mm

1.2 mm

20.3 mm

182.9 mm

The average of the five rain gages gives information to the average rainfall in the watershed.
Even though the precipitation pattern is very irregular and “pocket wise” in the watershed,
the rain gage measurements give information of rain from different subcatchments and for
that reason their average is assumed to represent the accurate precipitation not so bad.
Unfortunately, from the most northern part of the watershed, located in Eritrea, no rain data
could be gained.

Annex 6: Composition of the Sediments Deposited in the
Area Nearly Always Affected by Backwater during Floods
The composition of the flood depositions was gained with the help of vertical profiles at the
observation lines o.l. 1, 2 and 3.

Silt
Silt/Sand
Mix
Sand

Average of

o.l. 1

o.l. 1

o.l. 2

o.l. 2

o.l. 3

o.l. 3

(cm)

(%)

(cm)

(%)

(cm)

(%)

the
3 o.l.'s (%)

39.3

33

27.8

30

27.8

27

30

48.9

41

46.1

51

32.3

31

41

30.7

26

16.0

19

44.5

42

29
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Annex 7: Flood Depositions Containing Organic Material
In the figure below the different observed possibilities of flood depositions containing organic
material are illustrated.
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Annex 8: Comparison of Photos Taken at the Observation
Lines (o.l.) 4, 5, 6 and 7.
To give information to the height of deposition during the field study a comparison of photos
taken from identical place but shot on different dates is presented.
Right border of o.l. 4 (downstream)

The photo on the left was taken on the 19.07.06 and the photo on the right on the 1.09.06.

Left border of o.l. 4 (downstream)

The photo on the left was shot on the 11.07.06 and the one on the right on the 1.09.07.
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Left border of o.l. 5 (downstream)

The photo one the left was taken on the 18.07.06 and the one on the right on the 29.08.06.

Right border of o.l. 5 (downstream)

The photo on the left was shot on the 19.07.06 and the one on the right on the 29.08.06.
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Right border of o.l. 6 (downstream)

The photo on the left was taken on the 19.07.06 and the photo on the right on the 1.09.06.
The two photos were taken from a little different angle and it is known from the field that no
significant sedimentation has taken place in this area.

Left border of o.l. 6 (downstream)

The photo on the left was shot on the 19.07.06 and the one on the left on the 1.09.07.
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Right border of o.l. 7 (downstream)

The photo on the left was taken on the 15.07.06 and the photo on the right on the 1.09.07.

Left border of o.l. 7 (downstream)

The photo on the left side was shot on the 15.07.06 and the one on the right on the 1.09.06.
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Annex 9: Sedimentation Measurements at the O.L.’s
1, 2, 3 and 5 (between 26.07.06 and 06.09.06)
The figures below show the sedimentation at the different observation lines.
The sedimentation was measured at each o.l. by using three measuring
places (one in the middle and one on each side: fig. 18). Be aware that the
width of the reservoir differs for the different o.l.’s and therefore the scale of
the distance from the left boarder is different for the following diagrams.

Sedimentation at o.l. 1
26.07.2006

Elevation of the sediment
surface (cm)

100

28.07.2006
01.08.2006
04.08.2006

50

07.08.2006
08.08.2006

0

10.08.2006
15.08.2006
17.08.2006

-50

23.08.2006
29.08.2006

-100

01.09.2006

8

13

18

23

28

33

06.09.2006

Distance from the left boarder of the reservoir (m)

Sedimentation at o.l. 2

26.07.2006
28.07.2006

Elevation of the sediment
surface (cm)

100

01.08.2006
04.08.2006
08.08.2006

50

10.08.2006
15.08.2006
17.08.2006

0

23.08.2006
29.08.2006

-50
11.00

01.09.2006

16.00

21.00

Distance from the left boarder of the reservoir (m)

26.00

05.09.2006
06.09.2006
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Sedimentation at o.l. 3
26.07.2006

100

28.07.2006
05.08.2006
08.08.2006

50

10.08.2006
15.08.2006

0

23.08.2006
29.08.2006
01.09.2006

-50
7

12
17
Distance from the left boarder of the reservoir (m)

22

Sedimentation at o.l. 5
200
Elevation of the sediment surface (cm)

Elevation of the sediment
surface (cm)

150

150
26.07.2006

100

28.07.2006
05.08.2006
08.08.2006

50

10.08.2006
15.08.2006

0

23.08.2006
29.08.2006
01.09.2006

-50

-100
5

10
Distance from the left boarder of the reservoir (m)

15
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Annex 10: Development of an Incised Channel during the
Field Study in Summer 2006
During the field study in summer 2006, an incised channel was developed in the reservoir.
This is shown by the comparison of photos from the same part of the reservoir. The photos
on the left were taken at beginning of the field study (between 7.07.07 and 15.07.07) and the
photos on the right were taken at the end of the field study (between 29.08.07 and 7.09.07).
The light blue arrows in the photos on the left show the direction in which the river/flood
flows.
Bird view of the area just above the dam. O.l. 1 is located in this area:

The photos below show the part of the reservoir around o.l.2:
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On these photos below the part of the reservoir between o.l. 3 and 4 is shown; o.l. 3 is
located at the bottom of the pictures:

The following photos show the part of the reservoir around o.l. 4 and 5 (located in the area
sometimes affected by backwater during floods).
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Annex 11: Depth of the Sand in the Incised Channel at the
Observation Lines 1, 2 and 3

Depth of sand in the incised channel at O.L. 1
Distance from the sedim ent bank on the left side (m )
0

2

4

6

8

10

12

14

16

18

14

16

18

Depth of sand (m)

0

0.5

1

Depth of sand in the incised channel at O.L. 2
Distance from the sedim ent bank on the left side (m )
0

2

4

6

8

10

12

0.5

1

Depth of the sand in the incised channel at O.L. 3
Distance from the sedim ent bank on the left side (m )
0
0
Depth of sand (m)

Depth of sand (m)

0

0.5

1

2

4

6

8

10

12
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Annex 12: Area of Sediment Surface of Different Parts in
the Reservoir during Field Study in Summer 2006

Annex 13: Dry Bulk Density Calculations
The dry bulk density values of the sand, the silt, the sand/silt mix and the gravel samples
were gained of own measurements during the field study; the dry bulk density of the cobbles
is assumed to be 2.65 g/cm3 (according to Morris et al. 1997).
Area nearly always affected by backwater
Composition
Dry bulk
density

Sand

Silt

Mix

30%

30%

40%

1.47

1.27

1.35

Average Dry Bulk
Density

Area sometimes affected by backwater
Composition
Dry bulk
density

Sand

Gravel

Cobbles

43%

54%

3%

1.47

1.81

2.65

Average Dry Bulk
1.36

Density

1.69

The average dry bulk weight of the sediment deposited in the part of the reservoir nearly
always affected by backwater during flood is about 1.35 t/m3 and the one of the coarser
sediment depositions in the area only sometimes affected by backwater about 1.7 t/m3.
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Annex 14: Calculation/Estimation Concerning the Trap
Efficiency of the Reservoir for the Flood on the 02.08.06
The measured suspended load of the floodwater and the discharge of flood water during this time gave
information how much suspended load was yielded from the watershed during the flood on the 02.08.06.
In the table below the measured suspended load values are red and the interpolated values are green.
Time after flood beginning
(h)

Suspended load
(g/l)

Water inflow reservoir
(m3/h)

Sediment inflow (t/h)

1

55.8

40,438.7

2,256.5

2

38.4

39,898.5

1,532.1

3

27.5

39,736.6

1,092.8

4

17.4

39,588.6

688.8

5

11

39,081.4

429.9

6

11

38,476.4

423.2

7

6.9

37,954.7

261.9

8

4.4

37,394.0

164.5

9

4.1

36,960.1

151.5

10

3.8

35,301.3

134.1

11

3.5

32,649.7

114.3

12

3.1

28,332.3

87.8

13

2.8

23,144.3

64.8

14

2.5

11,447.3

28.6

15

2.2

5,459.6

12.0

16

1.9

4,419.1

8.4

17

1.6

4,309.1

6.9

18

1.2

3,922.8

4.7

19

0.9

3,282.7

3.0

20

0.6

2,719.8

1.6

21

0.4

2,298.5

0.9

22

0.2

2,105.6

0.4

23

0.1

2,053.8

0.2

24

0.1

2,053.8

0.2

513,028.7

7,469.1

Total
Average suspended load in grams per litre

14.6

During the flood event on the 2.08.06 about 7,500 tons of suspended sediments were yielded from the
watershed according to the suspended sediment measurements. The deposition of this flood in the part
of the reservoir affected by backwater was between 15 cm and 20 cm, for the calculation an average of
17 cm is assumed. This 17 cm were deposited over an area of about 20,000 m2 and therefore the
volume of the total deposition was about 3,400 m3 = 4,420 tons deposited sediment. Therefore, the trap
efficiency of the reservoir for the suspended load of the flood event on the 2.08.06 was about 59%.

