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Abstract

The calculation of the sediment yieltside a reservoir is critical for thieesignand the
operation of a daror a hydroelectric statioMore specifically, for thgresent thesis
the estimation of soil logs carriedout usingthe Revised Universal Soil Loss Equation
(RUSLE) and Koutsoyianns & Tarla (187) method by gathering precipitatign
geomorphological and topographickdta,andmaps Another way toestimatethe soil
loss of the watershets tocollect maps from the European Soil Data Ce(E®DAC)
in grid form for every factor ofie RUSLE equatiorgand estimatethe soil lossusing
Geographic Informationy&tems All these methods result in a meamualvalue of
soil lossandthe use of/anoni(1975)equationafterwards lead® the computation of
the sediment yieldHowever, the se of flowsediment load rating curvebased on
field measurementseems to ba more direct and precise methid this purpose.
What follows nexts the application of &D hydrodynamiesediment transport HEC
RAS model teestimate thded changesf Kremastaeservoirthroughout the yeaitsy
inputting the computedating curvestimesries ofinflow and stagelata and the initial
bathymetry of the reservoiiThis study could assist iextractingsome meaningful
conclusionsregarding the exactlocations of sedimat deposits the changes in
bathymetryandthe hydrodynamicharacteristicsandunderstandow the designand
operationof the damand the hydroeledt stationis affectedoy sediment deposits
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1 Introduction

1.1General

Floods aredefined as the physical phenomenon, dyamich annitially dry land area
is covered by water. Flais are normally caused bytremely high precipitatioavents
or inadequate flood control systeniTheir evolution mainly depends on
geomorphologial factors such asoil stability and permeabilifywegetation cover, as
well as the geometricaharacteristis of the river basirRoughly he same factors can
affect the soil loss of a watershed. There are several stratdg®sibed thoroughly
below in the presenstudy to prevent or to diminish the rigi a serious soil loss even

Generallyextreme floodsau® acritical soil loss inside a river basifihis accaints
for an important eadimentflow which can lead to a problematity highaccumulation
of sedimentdischargenside the reservoiThe quatity of sediment load enterg the
reservoir mostly depends the upstreardrainagenetwork(density, frequencyslope
gradients, watershed ardhg hydraulics of the river flow and somlaratic, soiland
geomorphological parametefihe accumulation afediment volume inside aservoir
is caused by the graduedduction of the flow velocities when thiever entes the
reservoir. As a resulthe coarse matermtleposit at the upstreamanps of the reervoir
forming the wellknown deltaic depositsvhile the fine sediments camahsfer to
downstream parts aneplosit near thdam.

There is a plethora of detrimahtaspects that cora&iith the extensiveaccumulation
of deadvolumeinside a resewir andis usually a criticalssue regarding the#esignand

operation of dam and hydroelectristatiors. Firstly, there is an importaxecrease in
the storage capability of the reservewile the entrance of sediment insithe water
abstractiorcould be catastiphic for ahydroelectric statioriMoreover, thedegradation
of the water quality $ a commorphenomenomndthe sediment depds might have
some negative geomorphological effeatsthe riverdeltas.

A high percentage of the sediment yield in rivers in Greegansferred during a few
intense flood events and is Ww&hown as wash load. Howex, during drytime periods
whenthere isonly transfer of bed load, the total bed lesdnly a small percentage of
the washoad (Zarris et al., 2001). The materigiait constitute the wash load, come
from the surface of theatershed, and are transtst entirely asuspended load.

Thus, the water level during intense rain episodeggseat importancand can highly
influence the location of sediment deposition indite reservoir. Fomstance high
waterlevel will catsea deposition of sedimerdn the upstrea parts of the resvoir,
whereas low water level facilitates the sedinansport to the downstream levels
near the dam. Is critical to point out that dring the design of reservoirs worldwide,
the predictim of the longterm dead valme and the sialation of reservio sediment
transport aresometimesomitted. Consequdly, the estimation of dead volume as a
maindesign figure is critical and should bedted with caution because it can lead to
a wrong estiration of the net storage hmne of aresevoir (Zarris et al, 2002)



1.2 Objectives of the present study

Thecase tudy of the developed methodologytiee watershed of Kremastantaining
the reservoirof Kremastawhich is located between theounties of Eritania and
Aitoloakarnana in WesteriGreece The reserveicoves an area 080.6(km?) (biggest
in Greeceandwas formed in 1965 when the dam of Kremasta was built. Tloavs
of the reservoir arattributed to the rivers of Achelooggrafiotis and BRvropos
(Megdovas.

The sce of the presentundergraduatenesis, entitled agiModeling Hydrodynamics
and Sedimet Transport in Kremasta Resenais to edimate the annual sediment yield
that entes Kremasta reservopool andto perform a sediment tresport analysi it.
Moreover, the aim is to observe howetreservoir bed changes throughout the years
due to edimentdeposition extract meaningful conclusions for hesignandoperation

of the reservoiand develp proposals fofurther academic research.

The study was accomplisheasing HEC-RAS, the software developed by the
Hydrologic Engineering Center of the U.8rmy corps of Engineers. Specifically,
HEC-RAS simulagés open channel flow (riveystemsandsediment trargort in rivers
and reservaes.

1.3Outlineof thepresent study

The current thesis is structured in six chaptersriéf blescription of these chapters
follows below:

1 Chapter 1: Introduction Subject of he current thesis and cagedy. Scope
and structure fathe current thesis

1 Chapter 2: Description of the study ea,the characteristics of the dam and the
hydroelectic station some geological and geomorphological features.
Presentation othe main médiodologies to estimate the soil loasd the
sediment ield.

1 Chapter 3: Application of RUSLE equation, GIS modelly Koutsoyiannis
and Tarla methadUsage of Vanoni e@uion to @lculate the annual and long
term sediment yield that ends up into the resierv

1 Chapter 4: Estimation ofannualsediment yield usig FlowSediment Load
rating curves. Rating curves are cexhby deploying sediment data from field
measurementand an equation between flow and sediment load is created
Timeseries oinflow data ae available.

1 Chapter 5: Calculation of the thredifferent river flows and procesg) of the
geometric data of theeservoir in Civil 3D 20190 create crassectionsinput
of geometric, flow and sediment data HEC-RAS andexecution of a 1D
sediment trasport analysis.

1 Chapter 6: Observation of the effechat depositionhas on the é&d of the
reservoir(part of Achéoos river)and ofthe hydrodynamic chacderisticsard
conclusions ormow the cross sections change throughout a perid@ péars
from 196 to 2008 Proposals for further projects or research.



2 Literature review

2.1 Studyarea

2.1.1 General

Kremastaartificial reservoir and danarelocated at the regioof Western Geece and
especially at the aquattepartment of WestenCentral Greece. It is one dfd oldest
in Greece as it started to operate in 1966s Time is enough to creat large volume
of sediment ingle the reservoir and add more fidelity to the reseataetly (Zarris,
2019). The reservoir also includes a hydroelectric station with fatg ofelectricity

production and a diversion tunnel fiheextrawater and theutlet flow.

The three main rivers flowing into the reservoir are Acheloos, Agrafiotis
TavroposMegdovasand other smaller tributariesuch as TrikeriotisThe area of
Kremasa reservoir (80.6 ki andits storage volume (4495 Hinare so big that is
reasmable to assme that its capabill to withhold sediment has a value close to 1.
Moreovwer, therivers which flow into the reservoithaveremarkably highsediment
dischargedue to the erosive flysch soil of the watershidte Fgure 2.11 is a satellite
image displaying the reservoir atite surrounding area which contains the basin of
Kremada.

Figure 2.1-1: Satellite mage of Kremasteeservoirandthe surrounding area
(Obtainedby Zarris, 2019



2.1.2 Technicalcharacteristics

The reservoir and hydroeletistation of Kremasta are thegigest in Greec&he ara

of the reservoir at the ovaw level is approximately80,6 (km?), while the
corresponding total storage volumetla¢ higher operation level of wateguals to
4.495(hm?). The area of the watdred of Kremasta and its four maiwers,including

the marshes and water collectioiss3.570 (km?), while the average annuaflow for

the hydrological years of 196&7 b 200001 for the reservoir i417,9 (m®/s) (Zarris et

al., 200)). The net area dhe watershedused below to callate the soil log is 3.292
(km?). All thesetechntal characteristics of the dam and the hydroelectric station are
displayedat Table 2-1.

Table 2.2-1: Technical characteristics tfe dam,thereservoir andhe hydroelectric
station(Obtainedby Zarris, 2019)

KremastaReservoircharacteristics

Highe water level +282 m
Lower water level +227 m
Totalstoragevolume at higher water kel 4.495 hnd
Net storagevolume 3.300 hnt
Maximum aea 80,6 kn?
Mean area 60,9km?
Altitude of damfQa NA R3S +287 m

Hydroelectrication characteristics

Installedhydropower 437 MW
Gross head 136 m

The diversion tunnel has a diameter of 12,5 (ng Ength of 808 (m). The height of
Kremasta dam is 15@n) and its width is 500n), beingthe tallest earthen dam
Europeand having aimpermeablelay core two slells of sand and gravel and a cobble
layer(Figure 2.13). Furthermore, the mean annpa¢cipitationat Kremasta watershed
is 1.433 (mm)andthe altitudes of the watdred range from +284 (m) to +2.4838),
while the mean depth of the reservoir is 60 (@arris, 2019)The hydroelectric station
(Figure 2.12), which is controlled by the Nianal Energy Center in Atheng&inctions
with 4 pipesleading the water to 4 turies of 109 (MW) power eadnd t produces
the highest proportion of hydroelectric egye among all ke hydroelectric station in
Greece l{mnikremaston.gr.

Lots of studiesvere held in order to build the dam. The first researakl carried out

by Sehn ad Dubois between 1918 and 1921 lore h a | f ofry af Rublic A Mi ni st
Wo r kidfterthatpr el i mi nary studies were held by tl
and the APobpioc aPbwar SLGAy, the AmEricaG compsa e

AKai zer 0 p e tructon studydandahe supervisiof the project in 1960
(limnikremaston.gr).



The Figire 2.122 below illustrates the several significant constructions of Kremasta
reservoirsuch as the dam, the spillway and the hydroelecttost Moreover, it shows

the outletflow that leaves the da (either by the spillway or by the diversion tunnel),
whose purpose is not only to maintain the ecosystem of the region but also to release
the extra water of the reservolihe mean value of thautletflow of Kremasta dan is
approximately 21,3 (ffs).

This specific flow is defined as the next part of Aces river which continues
downstream of Kremasta to fill the reservoir of Kastrake @am of Kastraki was also
built on Acheloos riverbedna is 95 (m) tall and 530r() long, while it contains rougyl
1 (hnm?) of water. After Kastraki the flow continués flush into Stratos dam (610
hm?® net volume) which is the last one in the sequesfo&cheloos dams. This whole
drainage network of WesterGreece while be describedore thoroughly in next
chapters

Figure 2.1-2: Kremasta dam, spillway arg/droeledric station
(Obtainedby: agrinopress.gr)

e Impermeable clay core

Figure 2.1-3: Cross section dkremastadam in the max width
(Obtained by P.P.C. of Greece)
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2.1.3 Geomorphologicabnd geologial characteristics

Watershedsre considerecasan fiopennaturalsystend with inputsard outputsbeing
high proportions of massand energy (precipitation river flows, sedimats, and
evapotranspiration This specificapproactgivesusthe chanceo correbtethetype of
terrainawaterskedhas with theerosion sedimentransporanddepogion procedures
These of coursg aredependentn several other factof@arris, 20B). The area othe
dam and the reservoir is struadrby sedimentary formatisrof the Gavrovo flysch.
The locdion of the dam is a namoaisle which has been opehiato shingle layers that
alternate with several layers of siltstorfalfountzos, 2@3).

To begin with, the area of the watershed of Kremaaslose to Acheloos rives
mountainous and givided inb two sections. Thérst one is northern and upstream

Sykia and the other one is southern and downstream of $yklze upstream partfo
Sykia, steep slopes are formed mainly in areas witiexegeological background
consists of hard formations of tléndos zone and trsmil layers are multifaceted with
slopesalmostvertical. At the same time, deep and meandering gorges are created such
as that of Fagos which is located between Myrofyllodi iesounta of Arta. The stp
slopes, which are either bace with dense vegetian, are fragmented by cracks,
creating smaller ridges and ravinegsnderingthe area extremely inaccessible and
dangeous. In the area between Gardiki and Mesochatensdandslidesare observed.

In the lower part, that is, fromylia and to the sobt theterrainchangesiramaticaly,

as the mountainous featudEcreaseand the morphology becomes smooth with milder
slopes. The riverbed widens andmginly filled with l[imestone material, the sizd
which varies from gravel toock. This materiatreates elongated islets resultinghe
branching of the main riverbed into two or more riverbeds and the appearaace of
complicatedlow (Figure2.1-4). Theseislets are crated due to the largedinent load

of the upstream part dlfie river basin and the inability of the river flowthis section

to completely transport this material downstream. The decrease in tispdra
capdility of the flow is mainly due to the wided riverbed but also to eétreducd
slope. The watershedd @égrafiotis and Tavropos have approximately the same
geamorphological characteristics as those of the easterdplagioos river basisince

the geological structure is the sa(f@lfountzos, 2@3).

Figure 2.1-4: Isletsandcomplicated flowof Acheloosriver (Obtainedoy Zarris, 2019)



The study of the chiacteristics of the geological formations teatstin the basinof

the Kremasta resvoir and in particulaatthelocation ofAvlaki, helps significantly in
the intial assessment regarding theseoo of soil and geological formations. The area
occuped by the basin ofKremasta reservoir is structured by the fotiovas of the
Aloniand, fAGavrova, fiPindo® and fiHyperpindikio zores, as well as by newer
formations.Thus,geological base of Kremastadoamainly consists of flysch of Pindos
and Gavrovo,iimestone of the same regions and alluvial deposits, as obseRigdiie
2.1-5 below(Vachaviolos, 2014)

Legend
Allouvial Deposits

Flysch of Gavrovo
Limestone of Gavrovo

Flysch of Pindos
Limestone of Pindos
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- e
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[Ed Limestone of Hyperpindos f;‘;%:,@‘/##’#f 4 g
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[ kremasta reservoir 8 0 8
=== Hydrographic network ————— filometers

Figure 2.1-5: Geological formations of the watershed of Ksta reservoir
(Obtainedby Zaris et al, 2001)

The geotectonic zones, in which tGeeek mountain ranges are subdivided, consist of
specific stratigaphic sequence and tectonic behaviothafir geologicalformations,
elementghat mainly depend orthar geotectonic position, geodyn&@ymovements,
and tectonicsleformation but also theiancient geographical location

Due to the intense tectonic pesses, the Greek area is characterized by highly
fragmented hydrographic networlkdore specifically it is drained by many small and
medum mountain streams that cross steep, narrow valleith, strong flow and
sediment lad figuresflowing ashore witla significant slope. However, there are some
larger lowslope rivers that cross these zones, mainly @starn Greece, forming
extensivdloodplains and deltaic plains, presenting signifigahigher sediment yields
than tte rest of the available data ¢&arris, 2019).



A seriesof fractureshavebeenfound nearthe damduringthe initial geological study
before the constructio(9631966). Theyarein an order parallelto the axis of the
dam They aresymbolizedwith lettersfrom A to F andtheir locatons areevidentin

Figure 2.16:

1 Fracturg : in the upstream boundary of the dam,
1 Fractureda upstrean of the axisof the damclose b the wateabstraction

1 FractureC: upstream of thaxis of the dam

1 FractureD: downstream of the axis of the dam

1 FractureE: in the middle of the distancebetweerthe axis and the downstream

basis of the dam
9 Fractue F: downstream of the dam

Theresultsof thepermeabilitytestsshowedhatthefracturesareimpermeablén places
with mudstones, while they arerpgeablen locations where pebbles exist (ECI, 174

Kalfountzos, 2013)
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2.1.4 Hydrogeological characteristics

From the aboveit is obviousthat the watersheds mainly constitute of flysch and
limestore. Regardinghe hydrogeologicakideof this issuetheseformationshave the
following natural and hydrologicalharacteristics, derived from tliiydrogeological
map of the Water Department of Western Central Gredtiaistry of Development
and Investmen{2005).

The flysch is generally a geological formation with significant erosiwhile on the
contrarylimestore is alow erodiblematerialregardingthe productiorof suspended
sediment More specifically, Koutsgiannis and Tarla(1987) classified the od
formationsaccording totheir erosion rateusing a empiricalfactor namederosion
factor,a. This coefficiett for flyschwa s s et  ait=1 whilefor imastones it o
was set abz = 0.1(Zarris, 2019)

Classification of geological formations into three categories according to their
erodibility by water, using the coefficient as an enipcal measure othe erodibility
(Koutsoyiannis and Tarla, 1987):

1. Cate@ry of high erodibility: lp p
alluvial deposits, flysch

2. Category of medium erodibility: ¢ Tiw
sandstong mark, slates

3. Category of low erodibility: lo Tip

limestone, dolomite metamorpic rocks, igneous rocks

By usingthis method,it is easy to estimate a mean indicator of the erodibility of a
watersted and will be used below in the present study to estimate the sediment yield.

Theflysch of Gavrovousuall hashighvalues of strengtindpermeability especially

its hard rocks, which dut® the existence of crack$heflysch of Pindoshassome

obvious signs of tectonic deformatisiicracks, inversions etc.yvhereas it is often
characterized asinstable because of ghfrequent contast among the layers in
combination with the intense tain and the steep slop&arris, 2019)Limestone is

more often found in the basins of Agrafiotis and Tavropoand is generally
characterized by moderate mecicaherosion.Thelimestoneof Gavrovo fas moderate
to high water permeabilitand shows intese karstification, due tits significant

chemical erosionTheir large surface growththeir intensetectonic stress, their
lithological compositionandtheir stratigraphic structuntribute to thelevelopment
of porous cracks and discontinuities (@edary porous)As a result, their water
permeability ranges froormoderate to higliZarris, 2019)

Thewaterpermeability of a formation has velocity dimsons (m/s) and is measured
by using the pernability coefficient K) which expresses the distandee rocks can
be classified into categories of permeability adowy to Zarris (2019):

U High permeabilityy pm p m &7Fi): limestons

U Medium permeabity (00 p m p 1 &7Fi): alluvial deposits,
sandstonesshingles

U Low permeability90 pm p 1 &7fi): marls, clayflysch,
volcanic rocks



2.1.5 Natural characteristics andrsounding area
Figure 21-7 shows thedrainagenetwork of this specific area in Western Greece which
includes a system of 6 different dams connecting with each othethamiversion

tunnek of Acheloos riverThe whole system takes advantage of Acheloos vivech

derives from mountain range of Rlos and more specifically the mount Laknaosl
after 225 (km) of distance it empties into the lonian Sea. Acheloos i$4engest

river in Greece and hydroelectric stations (Kremasta, Kastraki, Tavropos, Stratos)

deploy i water to producenergy (imnikremaston.gc

Figure 2.1-7: Hydrographic network of theurroundingarea(Obtainedby Zarris, 2019)
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reservoir was fullAlong with the oldTatarna bridge and some otlmestorical bridges

and monuments, the monasteryegiskopi also sank (limnikremaston.gfjgure?2.1-

8 below showshe bridge of Episkopinear the old villagewhich connects the two
counties of Evritania and AitoloakarnaniAnother bridgenear the homonymous
monastery is theewbridge of Tatarndisplayed in Figure 2-9. The surrounding area

and the reservoir of Kimasta are included in the protection program Natura 2000.

Moreover, the reservoir is used for recreatiometivities such as Candéayak and

Rafting. The reservoir of Kremasta is 57 (km) away from the city of Kremasta and 60

(km) away from the city of Agnio, while the dam is very close to the village Kremasta
Sykias from which it took its nam(&akesnetworlorg).
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Figure 2.1-9: Bridge of TatarngObtainedby: iaitoloakarnania.gr

Thedamwasbuilt on a narrowingof the bedof Acheloosriver, atthe point wherean
old myth saysthatthe heroKatsantwnigumped from the ongverbankto the other, so

that he escapes from the Turkish forces. Hetige placewas namedfiThe jump of
Katsantwni® ( natur agraeca. com)
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Near the reservoir lots of wildlife refuges (such as Kanala, Velouxi, Megdovass Agio
Nikolaos) do existThe flora and fauna of the region consist of a wide range of plants,
trees and animalmainly because of the big length of coastline of the reservoir and the
habitats it contains. Around the lake there is mackerel vegetation wileseich as

yew, arlutus and big trees such as oak, chestnut and plane trees. The area also has a
broad variety of reptiléauna and birdlife. Furthermorthe lake is the habitat of lots of

fish species like eelsAqguilla anguillg, the Cyprinus (Cyprins carpio), the
Pelopnnesian breanBarbus peloponnesius), the cobras (Coregonus lavaretus), the
herbivorous cypress (Ctenopitagodonidella) etc.(naturagraeca.com).

The incomparable beauty of the lake with its turquoise water, fjords created, and the
numerous small islandgeates an impressive environment reminding s®wfe exotic
destinatios (lakesnetwork.org). Hlso offersa great habitat for animals to live in and

for tourists to admire (Figures 21D and 2.411).

Figure 2.1-11: Kremasta reservoir (Obtained:lgreenfromgreece.gr)
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2.2 Soil loss and sediment transport

2.2.1 Definitionsand basic meanings

1 Sediment yield, § is the figure that correlates three major ndtpracesses:
soil loss, sediment transport, sediment depositioapresents the total mass of
sedimat that drains from a crosectionof a riverin the unit of timedivided
by the area of the upstreamatershedmasg time/ areg (Vanoni, 1977).

1 Sedment dischargeQs, represents the total masksediment that drains from
a crosssection of a river in the unit of time, without including the area of the
watershedmasg/ time).

1 Gross erosiondescribesthe quantity of soil that detachesrom the grourd
surfaceof thebasindue to the action dhe rainfall and runoff in the unit of time
and area(mass/ time / areg. Net erosionis the figure that expresseghe
percentageof sedimentthat detachedrom the ground surfacand does not
depositinside thesame unit of aregZarris, 2019)

1 Sediment Delivery Ratio, SDR the ratio of sediment yield divided by the total
soil loss and expresses the percentage of detached sediment that is transported
as surface runoff to a specific location such as theveiselt is a dimasionless
figure, always lower than 1.

The three rivers with the highest mean annual sediment discharge in the world are river
Huanghe(Ching), river Ganga(India) and river Amazor{Brazil). Huanghe although

its basinis 1/8 of Amazorés basinandits meanannualrunoff muchlessthantherunoff

of Amazon hadameanannualsedimentlischargel,1 10° (t) for theperiod 1956198Q
Thisvalueis closeto theseof AmazonandGanga(Figure 2.21). This happenslue to

the significant soil erosin of the loose soils of China and the intense storms that result
in extremely high runoffs from August to Octobd&nother interesting case is that of
Taiwan wherethe mean amual value of sedimenoad of the island wameasured
30010° (t) (sediment yéld 10000t/km?), a figure that is slightly lower than the total
sediment discharge of U.S./&arris, 2019.
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Figure 2.2-1: Annual sediment load of river Huanghe (Obtaibgdarris, 2019
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2.2.2 Watererosionandsoil loss

Soil Erosionis anaturalprocesf detachmentransporanddepositionof soil or rock
material due to water or wind. Hydrologg/mainly engagedvith watererosionwhich

is causedby precipitation or surface runoff. Threain factorsthat contributeto water
erosionare the climati¢ hydrological geological, geomorphological, vegetation and
the cover management situation of the examined region.

There ae several different types of water erosion, but they can generally be grouped
into four main types. These are intdl erosion, rill eosion, gully erosion, and
streambank erosion. Inteil erosion, also known as raindrop erosion, is the movement
of soil by rainfall and its resulting surface flow. Erosion also tends to remove the lighter,
smaller soil particles first (such as clay asilt), leaving fine and coarse sand behind.
Transported materials are often high in nutrients andpfanicles (Renaret al., 1991).

A. Fourmain types of water erosidgld.gov.au)

Inter-rill erosion also known as raindrop erosids,the movement of sloby rainfall

and its resulting surface flow. It is primarily caused by rainfall, but other factors such
asclimate, elevation, topography, and vegetative cover also contribute to this type of
erosion.

Rill-Sheet erosianRill erosion occursvhen runoff wéer forms small channels as it
concentrates down a slope. These ch® be up to 0.3m deep. If they become any
deeper than 0.3m they are referred to as gully eroSioeet erosioaccurs when a thin
layer of topsoil is removed over a whohillside paddck and may not be readily
noticed

Gully erosion:refers to the movement of soil by larger streams of water. This type of
erosion scours channels in the soil that are at least one foot deep and cannot be smoothed
over completely by normalgaicultural opeations.

Streambank erosiornit is causedoy fastrunning rivers and streams cutting into the
banks. This type of erosion can be found at the lower end of stream tributaries and in
streams that have relatively flat gradients. This type of erosion canlaagsenasses

of soil to slip down slopeand damage surrounding fields

B. Cateqorization ofomerocks based oresistance to erosidifstratiads et al,

2015)

High resistance to erosiorfine-grained granites, strongly compacted sandstones,
limestonesdenerally), gabbro, quartzites

Low resistance to erosiorcrystalline granites, slightly compacted sandstones, basalt
(generally), dolomites, marbles, soft sediments, slate, flysch

Soil erosionas a termis sometimesconfused withsoil loss. However, sil loss
compriseghefirst partof the erosionprocessthe detachmenof soil materials which
happens before the transport and deposition of sedimenexpressedh massunits
dividedby theareaof thebasinandmostof theexistingformulasandmethodscalculate
thesoil lossin thefirst place and afterwards the transport and deposition (Vachaviolos,
2014).

14



2.2.3 Types of sediment transport

The distinction of sediment into categories can be held in terms of two factors: (a) the
way they are transportehd(b) their origins. The transported material can be divided

in suspended logdvhen sediments are transferred by the turbulenceexdbedingly
rarecontact to the riverbeand the bed load, when sediment are totally in contact with
the riverbed duringransportationThis distinction is not totally trustworthy because
sometimes sediment of the same size and same mineralogical composition can be
transported either as bed or as suspended load, depending on the hydraulics of the flow
(flow velocities, tubulence) Generallythereanotionthatbedloadsedimentrethose

with a sizebiggerthan0,85 (mm), a distinction that is basexh the criterion of equality
between the subsidence velocity and the traction vel@&iytsoyiannis and Tarla,
1987:Zarris et al.2007).

f::ldMaterlal Bed Load
Suspended
-
Total Load Load
l h 4
> Wash Load Total Suspended Total Load
(Suspended) Load (Transport)

Figure 2.2-2: Types of sediment transpdfbtainedby Zarris et al., 2001)

In termsof their origins they can be separatedidedmaterialloadandwashload The
bedmaterialload which canbetransportectitherasbedload or suspendedefersto
sedimentthat alreadyexistsat the riverbedof the drainage rneork and is the only
source of sedimerduring dry time periods. Othe other hand,washload is only
producedduring intenseflood events, comes from the soil erosion of the watershed,
and finally ends up inside the river by small chanreisstreams. W&h load is
transferredalongwith theflooding and is usually finer (such as clahgenceit is most

of the time suspendedKoutsoyiannis and Tarla, 1987} is also easily measurable
becausét is evenlydistributedacrosghe crosssectionof the riverked. All these types

of load and divisions are presentad-igure 2.22.

The sedimentdischargeof the washload inside a streamor a channelmostly depends

on the existence of sediment available to erode and move, rather than the hydraulic
capability ofthe flow to transport them. Especially the Mediterranearcountries
washloadcomprisesaremarkably higlpercentagef thetotal sedimentyield of a basin
(Zarris et al., 2001)he time and space scale play an important role in the development
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of theerosion and the parameters that define it (Vachaviolos, 2014). Figt8d2alaw
illustrates the different stages of this process and whatmvaere they take place.
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Figure 2.2-3: Process of erosion (blue line), types of erosion (red line), signifieaiitnent
procedures (brown line) in spatime scale Qbtainedby Vachaviolos, 2014

2.2.4 Reservoirsedimentdeposition

Thefinal depositof sedimentouldtakeplace dependingnthecircumstancesither

in naturalsourcesriver deltas, sea, lakesr indde artificial ones such as reservoirs.
Thedepositionof sedimeninsideareservoiris a matterof greatacademianterestand
will beexamined further during the present thesis.

Thevalidity andreliability of theestimatiorof thesedimentiepositsusually for a 100
yearperiod is critical for the properdesignof the deadvolume of the reservoiand
generally for the sustainabilityf the project. Duringhe designof the reservoirand

dam the choiceof deadvolumeandthe correspondingvaterlevel, affectthe stageof

the waterabstractionwhich of course defines the potential to generate electric energy
at the downstream hydroelectric station (depends on gross Hdadover an
underestimation in the prediction of the dead volume could resutiwer water
supplies.

Another case and probably the most common is for a study to overestimatethe
sedimenteposits and the dead volume whiguallyleads to an extreme increase of
the technical and economic figures of the project. Nevertheless arealsocasesn
which an underestimationtakesplace suchas Louros damin Epirus wheredue to
wrongcalculationsthenetstoragevolume(0,37hm) filled with sediment within a few
years(Vachaviolos 2014)
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Regardinghedistributionof sedimeninsideareservoirthefirst studiessupportedhat
sediments transportedip to thedam and depositing ther&fter severahydrographic
surveysof reservoiranainly in the U.S.A. andSouthAfrica thistheoryproved wrong.
Whatis now believedis that sedimentis evenly distributedacrossthe reservoirbed
gradually reducinghestoragevolume in almost every location. Howeyasignificant
partof thetotal sedimentyield depositsattheriver deltas (mouth)the location where
the river enters the servoir andflow velocitiesdecreaseforming the welknown
delta/deltaic depositsWorth mentioning is also that finer sedimentis usually
transferredo locationsnearthe dam throughdensitycurrents while coarsematerias
most of the times settle #te river deltagmouth)(Vachaviolos, 2014)Figure 2.24
below indicates the sediment deposit locations inside a reservaoir.

Upper Surface
/ Front Surface

\ Density Currents >

. \\1
T~/

Initial Bed Slope

Deltaic Deposits

)

PR

Figure 2.2-4: Sediment deposits inside reservoir (Obtaibgdarris et al., 2001)

The initial design study for Kremastadam before the construction and operation
predicted thafor a design period 060 years of operatior8,8 % of the total storage
capacity of the reservoir would have been filled ugHgydeposits volumérable 2.2

1). However, Zarris et al. (2002) basedahydrographic survegalculated that in 35
years only 66 (hi) of sediment volume deposited (of i 41,3 hriwere at Acheloos
section). This value reveals that the initial study overestimated the deposits which could
lead to an overdesigning of the stge volume of the reservpialthough sediment
transport and its specific sizes are exceedingficdif to be predicted

Table 2.21: Initial prediction of the dead sediment volun@bfained byZarriset al., 2002

Years of operation of
Kremasta dam

Predicted sediment
volume (hm?)

Percentage of the total
reservoir storage (%)

1 5.1 0.2
50 394.0 5.8
100 782.0 17.4
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2.3Methods to estimate solil loss and iseeht yield

2.3.1 General

The estimationof soil lossand sedimentyield is a challengingand complexissueto
dealwith, becauséeyondthestochastiparametersf theerosionprocess, it is difficult
to measure or approach satisfyingly the quantities of sdgpdoad and especially bed
load. The measuremenif suspendedbad is a standardorocesf collectingsamples
of sedimentfrom the river and analyzingthesein labsto find the concentrationof
suspendedioad. Today, thesemeasurementsan also be held using sensorsOn the
contrary bedload is much more difficult to be measuregdalthoughthere are some
techniquedo trap andweigh the sedimentthat osculateshe riverbed.However this
processs expensiveandtime consumingconsidering that it depenads the frequency
of intense precipitation or flood phenomena (Vacbkg, 2014). Ths, the two main
categoriesof methodsto estimatesoil loss and sedimentyield are the empirical
formulasandthe analytical models which also include some empiricaletations
Below these methods are thoroughly preseatetiapplied.

2.3.2 RUSLEmethod

As an empirical equation derived from experimental data, the USLE/RUSLE
adequately represents the fister effects of the factors that affect sheet and rill
erosion. In thaneantime, thd(RUSLE remains the most powerful, widalged, and
practical tool for estimating sheet and rill erosi@elow is presented the Revised
Universalsoil lossequation(Renard et al., 1991):

O YO 0 Y6 D (2.3-1)
where

A is computed soil loss per unit area (t/ha)

R is the rainfaH runoff erosivity facto(MJ mnvhah),
K is a soil erodibility facto(t h/MJ mm),

L is the slope length factor

S is the slope steepness factor

C is a cover management fagtor

Pis a supporting practices factor

This empirically based equation, derived from a large mass of field data, computes sheet
and rill erosion using values representing the four major factors affecting effdsése.
factasare(Renard et al., 1991)

Climate erosivity represented by R

Soil erodibility represented by K

Topography represented by LS

Land use and management represented agdP

=A =4 -4 =4
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2.3.2.1 Rainfall Erosivity (R-factor)

Rainfall erosivity is a factor that representswhat rate rainfall can provoke soil
erosion. It derives from the intensity and kinetic energy of the Itagthe factor that
drives sheet and rill erosigrocesses, and extreme storms can lead to veassil
erosion

Theoretical characteristics

R-Factor is thought to have the most significant effect on the soil erosion calculation
procesgRenard and Freimund, 1994 notablecharacteristigs its spatial variability

due to differences iweather conditiong=or example, isoutherrillinois neary twice

as much erosion is expected than in northeast, because of differences in climatic
erosivity between the two locatio{Renard et al., 1991).

Rainfall erosivity is not distributed uniformly throughout the ydars an extremely
sensitiveand volaile figure, on an annuageasonaland monthly basis, even at the
level of individual raireventgPapapetrou, 20}7Some of the most erosive rain events
happen in the springvhile in summer, rainfall erosivity is usually insignificant.
However, springsa season when land is ready for planting and vulnerable to erosion.
Thus, the magnitude of this figuneust be addssed in relation to the cropping system
and seasonal variabiliRenard et al., 1991).

What is more,Here are several ways to estimale erosivity of rain Being able to
gather rainfall datgives wsthechance to use analytical metho@sherwise empirical
methods can provide us with reliable approaches of {fectr.

Methods to estimate Rfactor

Concerning the calculation of rainfalr o s i vremarkabléthatdt s hard to find
precipitation data from a rain gauge station inside or near the watershed of thénstudy
order to estimate the kinetic energy and the intensity of the Tawms, empirical
methods are usually rendered the only solution to appach the Ractor. More
specific, simple linear regression formulas compute tfiad®r as a function of mean
rainfall (mm) of the yearR). However, there is n@formula,connecting Rfactor with
mean yearly rainfallR) for the Greek climate and wéetr conditions so formulas
developed for other countriase used in this casBelow, both empirical and analytical
method

Empirical Methods
Below, several equations developed in Europe, are mentioned

1) Van der Knijffet al., Tuscany ltaly

Y @©0 (2.3-2)
where
ais adetermination parameteansually from 1 to 1,5

Pis theaverage annuahinfall (mm).
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2) Torri et al. (2006) Italy:

Y  wtTomyo (2.3-3)
where
Pis theaverage annuahinfall (mm).

Greece hasimilar climateto Italy and proximity, so it can be applied to Kremasta

3) Renard and Freimund (1994 urope:

Y mmt o h (2.3-4)
where

P is theaverage annuahinfall (mm).

4) Schwertmanet al. (1990) Germany:

Y mpod p R (2.3-5)
where

P is theaverage annuahinfall (mm).

Wischmeierand Smith (1978)and Renard et al. (1997)analytical method

The methodologyusedto computethe rainfall erosivity is based orthe analysis ©
USLE andRUSLE, asdescribed byVischmeier and Smith (1978ndRenardet al.
(1997).1s one of the most commarsed angreciseanalytical ways to calculate the
rainfall erosivity.Other methods, like the one developedkmutsoyiannis andTarla
(1987),can also be utilized to estimate the erosivity of the rain.

It would be usefulto collectand haveavailablefor use,long-term rainfall timeseries
(20 yearsor more), in orderto extractmorereliable andaccurateresults concerning
the average annugainfall erosivity.

Theannualrainfall erosivityfactoroccursasthe sumof all the Rfactors oftherainfall

evens of the year The erosivity value of eachepisodeis the productof the kinetic

energykE (MJ/ha) andmaximum 30-minute intensity of theain I3 (mmv/h), during the
episode.The timescale usuallysed is 5,10 or 30 minuteln the present study onl
data with 3@minute time step were available.

The three following formulas conclude on the calculation of raiefalivity:

Y EE B,y BL, 0 Q. Q@ 0 (2.3-6)
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B O wa (23-7)

T w
T Q 1twp 71X CQwNATTULOI (2.3-8)

where

n areyears of data collectign

m is thenumber of raifall events per ya,

I30is themaximum 3@minute intensity of theainfall event(mm/h),

Ais thetotal kinetic energyof the rairfiall event(MJ/ha)

er is the specific rainfall kinetic energyof each timespan of theainfall event
(MJ/hdmm),

gVr is therainfall heightof eachtimespan of theainfall event(mm),

Ir is theintensity of the rainfall ever{mm/h).

The kinetic energys computed for each rainfall event of the yeais lisually related
to the rainfall intensity by formulas extracted from field measuremigiat®over, here
are many different formulasdeveloped inEuropean countes by Wischmeier and
Smith(1978 and Diodato and Belloccl2007} thatcalculatehekinetic energy of the
rain:

T 0D QaQOl phapx ux od ¢ T (2.39)

1 O pltpomnpwdéQ (2.310)

T 0O Qaxppdv T Yoy px £OI (2.311)
where:'Y @y pthe fittedlogarithmic equation

T O B Q wn (2.312)
whereQi tit w p 1Y ¢ Q1 1t v Oi (2.313)

U where Ir is the rainfall intensity (mm/h) and Iso is the maximum 30
minute intensity of the rain (mm/h).

2.3.2.2 Soil Erodibility (K-factor)

The K-factor is a measure of thehierent erodibility of a given soil under the standard
condition of plot maintained in continuous falloWalues forK typically range from

about 001 to 0.45 with highrsandand highclay content soils having the lower values

and highsilt content soils aving the higher valuefRenard et al.,, 1991K-factor
accounts for the influence of soil properties on soil loss during storm events (Renard et
al., 1997).

Theoretical characteristics

The best way to evaluatefl@ctor in any study area is to collectlsaimples from every
geological structure of the watbed and specify the ground characteristics via
laboratory analysis(Papapetrou, 20)}7Though in case of inability to collect and
process soil sampleslues of K for the concerned soil and geologioamations can

be extracted by bibliography and previous studMthiough this practice might not be
themost appropriatgt is used since the first decades of application of USLE equation
asat the manal of (Wischmeier and Smith, 1978) methbdre arevalues of K attached

for different typef soils(Vachaviolos, 2014 While these equations are suitable for
large parts of the USA (for which the USLE was originally developed), they produce
unreliable results when applied to soils with textural exterags well as well
aggregated soils. Therefore, thaye not ideally suited for use under European
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conditions Otherwise Kfactoris sometimesestimated usingrodibility nomographs
but theydo not apply to some soif¥an der Knijff et al. 2000a&p

The RUSLE also varies K seasonally. Experimental data show that K is not constant
but varies with season, being highest in the spring with soil fluffing from frbexe
actions and lowest in mithll and winter following rainfall compaction or a frozen soil.
The seasonal vaility is addressed bweighting the instantaneous estimate of K in
proportion tothe EI (the percent of annual R) for-@8y intervals. Instantaneous
estimates of K are madeom equations relating K to the fresee period and the
annu&R-factor Renard et al., 1991

Methods to estimateK -factor

According to USLE andRUSLE literature thesoil erodibility factor (th/MJlmm) is
determined by nomographs or in caseaftent in clay<70%, by usingWischmeier
and Smith(1978) relationshigVachaviolos, 2014)The best and most precise method
is to collect soil samples of the study aseal every soil formation and carry out
experimental research to approach the coéracteristics. Otherwise it is possible to
extract the value of Kor evay type of soil, byalready existing tables of Greek or
foreignbibliographyor use several formulas

A. Wischmeier and Smith(1978 and soil erodibility nomographs
Thefollowing equation was develogdy Wischmeier and Smitim 1978

. h h h h
0 (2.3-14)

where

M is the product of the primary patrticle size fractions: (% modified silt or,€020,1

mm size fraction) (% silt + % sand)
OM is thepercenage oforganic matter
s aretheclasses fostructure

p is thepermeability

This equation is appropriate for soils with percentage of organic matter lowet%han
This limit exists in order to avoid amderestimation of Kactor for this type of soils.
In case that theontent of clayis lower than70% erodibility nomographs are used
(Figure2.3-1) (Panagos et al., 2014c).
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Figure 2.3-1: Soil erodibility nomographObtained by Wischmeier and 8m 1978

. Rock fragment restriction

While these equations are suitable for large parts of the USA (for which the USLE was
originally developed), they produce unreliablesults when applied to soils with
texturd extremes as well as wedggregated oi | s ( R°mkens et al
they are not ideally suited for use under European condifMas der Knijff et al.,
2000a&b)

B.R°mkens et al., 1986
Later research concluded on the following formulachlecan describe better thariety

of geological formationgn Europe and other continents apart from Ame(i¢an der
Knijff et al., 2000a&b)

=y
N

O TMnoTMT TRMA M ———— (2.315)

Where Dg is thggeometricmeanweight diameteof the primary soil particleand is
calculated by the following equation:

0"Q QwmPBQQG ¢

(2.3-16)

Whee f or every particl:eds category (clay,
disthemaxi mum particlegds di mension ( mm)

d-iisthemi ni mum particl,eds di mension ( mm)
fi is thecorresponding mass friction
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C. European databases of soil erodibility values

Different research pyects across Europe have contributed todfert of creating
European grids with values for soil erodibility. For exampan der Knijff et al.
(2000a&b) research displays the classification and correspoKduadues for a range
of soils as shown até&Table2.3-1 and Figure2.3-2 below:

Table 2.3-1: Representative texture parameters for each texture class
(Obtained by Zarris et al., 2001)

TEXT Dominant surface textural class.
(Present in: STU) % clay % silt % sand K

0 No information

9 No texture (histosols, ...) - - -

1 Coarse (clay < 18 % and sand > 65 %) 9 8 83 0.0115
2 Medium (18% < clay < 35% and sand > 15%, 27 15 58 0.0311

or clay < 18% and 15% < sand < 65%)

3 Medium fine (clay = 35 % and sand < 15 %) 18 74 8 0.0438
4 Fine (35 % < clay < 60 %) 43 43 4 0.0339
5 Very fine (clay > 60 %) 80 20 0 0.0170
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Figure 2.3-2: Position of the above representative values @ifitkin the texture triangle
(Obtained by Pamms et al., 2015)

An evolution in the effort of calculation of-Kactor was the published research of
Panagos et al. (2014hich, apart from the very bigoil daa collectionincludes a map
thatexhibits the severafalues of soil erodibility all acrossuEbpe with the remarkable
resolutionof 500 x 500 (mxell size atgrid form. This map was created with the aid
LUCAS - Land Use/Cover Area frame Survelatabasea collection of 20.000
European soil samplel.also includes for the first time the effeof rocky geological
formations on Kvalues These rocky areas are usually ignored during the computation
of K which leads to its overestimation espegiall countries with stony terrain like
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Greece. Suchkoils reduce the production of soil erosion,tapl0% in some cases in
areas of Greek territory.

Thus, Panagos et al. (2014h cooperation withthe European Soil Data Center
(ESDAC) of Joint Researche@tre (JRC) of European Uniamreatedsome high-
resolutionsoil erodibility mags for the countries fothe European Uniorkigure 2.33
displays the Panagosadt (2014) soil erodibility map for Europe

{K-factor
(thah)/(haMImm)
f <0.01
I__looi-002
[Joo2-0028
B 0.028 - 0.033
0033- 0038
0038 - 0046
0.046-0.055
>0.085

>
(4

%
=

> "\ o,
g’f 250 500

Background image: ESRI World Terrain Base

Figure 2.3-3: High-resolution (500 m grid ceflize) map of Soil Erodibility estimated as K
factor in the European Unid®@btained by Panagos et al012)

Van der Knijff et al. (2000a&b) in cooperation with Soil Geographical Database of
Europe (ESGDB)also developed aog erodibility map (K-factor) (th/MJimm).
Efthimiou (2020) is another recent study that describes the development of the new soil
eradibility map of Greece. The calculation of thef&tor was based on field samples
deriving from the paiituropean LUCAS database and the @®AGREF, utilizing

the K-factor nomograph by Wischmeier and Smith (1978) (Efthimiou, 2020).
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2.3.2.3 Slope length and sepness factorl(S-factor)

The Slope Length & Steepness factaS-factor) determineghe effect of topography
and terraironthe process «foil erosionand that is why some use the term topographic
factor or terrain factor to describe it. Thusganbe estimated from a digital elevation
model (DEM)

An increase in the value of L and S, can cause significant augmentatibe sbit
erosion, because th&eepesslopes (S) give highewaterflow velocities and the
longest slopes (L) accumulateurfacerunoff which leads again to the increase of flow
velocities(Papapetrou, 20)7Soil loss is more sensitive to changesteemess than
in slope lengtl{fMcCool et al., 1987)According to thdJSLE (Wischmeier and Smith,
1978),LS-factor is defined as

oYYy —— TMreumdtT UY T8tme Y (2.317)

where

L is theslope length factor

Sis theslope steepness factor

ads thesteepness leng(m),

Sis thesteepnesén),

nis0,2for S <1%, 0,3¥or1 %O S O 3fer3 %5 %0, #dOG LG >5%

Another commonhknownformulais the one used by RUSLE in which L is calculated
as above while for S is computidm McCool et al. (1987) relationship

0"y — PRI VE M8to S<9% (2.3198)

0Y — p@iME mn "O9 % (2.319)

Wherebwhichisthes t e e p n e sisdefinedgs: e ( A)
I OweE — (2.320)

A number of researche@loore and Burch, 19&Mitasova et al.,1996), taking
advantage of the posility of spatial distribution of physical processes such as erosion,
through the use of Geographic Information Systems, Isaggested replacing the
steepness lengtl®) with the upstream aaghat contributes to erosiqAs).

All these modern and revisédrmulas improve the estimation of {&ctor (Panagos

et al., 2012), because with the above replacement and the integratddtioalcof

slopingthrough the curvature, more realistic estimasi occur. Thigs an advantage

especiallyin caseof geomorplologically complexterrainssuchasKremastaarea The

relationship proposeldy Moore and Burch (1986) s appl i cabl e to sl opce
m and b<14A (Di:Stefano et al., 2000)

0 ¥ ( 5 )é((8 )¢ (2.3-21)
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where

As is theupstream amethat contributes to erosiqm?),
b is thesteepness ang(e A )

m, n arefactors thatccordiry to Panagos et al. (2018)e0,4 and1,3respectively

Mitasova and Mitas (2001a), furtheélevelopedthe researchon exportinga more
representativeelationshipfor LS-factor, resultingin thefollowing equation:

0 ¥ (& +1)( 5 a ( 2 )¢ (2.322)
where

As is theupstreanareathat contributes to erosiqm?),
b is thesteepnesangle( A)

m, narefactorsthatrangefrom 0 , MGD0 p 6l1s, MOQA ,d&ending on the type of
erosion

All the above formulas are applicalile areasinside the watershed thttere is not
deposition of transferred sediment. Thus, the usage of these equations usually leads to
an overestimation of the Lfactor. Nevertheless, in most cases, rainfall ergsigit
underestimated, so researchers sometkaepthis overestimation of LS to achieve a

level of balance at RUSLE equation.

A

N

'M:’.\— & 2, :;
LS - f:?ctor :
Slope- and Slope Length (¥mensioniess)
Factor (LS-Factaor) 52570
[ 065-1
| 1-2
\ 2-4
. 4-5
mEUROPEAN - e
SOIL B -20
M BUREAU ‘o

EUROPEAN COMMISSION

Figure 2.3-4: Slope / Slope length factor map (LS)
(Obtained byvan der Knijffet al, 2000a&b)
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Other methodsuch asfPanagos et al. (2014) and Van der Knijff et al. (2@X)ause
maps in grid form, in cooperation withe European Soil Data Center (ESDA&)d
LUCAS European databa$2009), in ordeto extract the LSactor. More specifically,
they make use dturopean digital elevation models (HREM) and some algorithms
to extract the raster magsplayed inFigures2.3-4 and2.3-5:

W 1w 3 s

LS - Factor
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Figure 2.3-5: Slope / Slope length factor map (LS)
(Obtained byPanagos et al2015)
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2.3.2.4 Cover Managementactor (C-factor)

The Cover Managemerfactor or Cropping Management factdetermines the effect
of land use on the rate of soil lossfdCtordepends on vegetation type, stage of growth
and cover percentag@alues for C can vary from neaerofor a very wellprotected
soil to 1.5 for a finely tilled, ridgedurface that prduces much runoff and leaves the
soil highly susceptible to rill erasn (Renard et al., 1991

Vegetation cover i$ after topography the second most importatand factor that
controls soil erosion risk. In the Revised Universal Soil Loss Equéerard et al,
1997) the effect of vegetation cover is incorporated in the covelagenent factor
(hereafter called €actor). It is defined as the ratio of soil lossrh land cropped under
specific conditions to the corresponding loss from ckidbed, continuous fallow
(Wischmeierand Smith, 1978). The effeaf mulch cover, crop residues and tillage
operations should also be accounted for in thdr. In RUSLE, the Gfactor is
subdivided into 5 separate stdrtors that account for the effects ofgprland use,
canopy cover, surface cover, surface roughness anchsisture respectivelyBelow
areexhibitedseveraimethods to estimate the cover managementifact

U In RUSLE,the Gfactor is subdivided into 5 separate gabtors that account
for theeffects of prior land use, canopy cover, surface cover, surface roughness
and soilmoisture,respectively.So, he valuesof C in RUSLE occur fromthe
following equation

# 0, S #B #B LB - (2.323)
where

0 0 "Prior Land Usi range0~1,
0 6 Canopy Cover range0~1,
"Y 6 Surface Cover range0~1,
“YYSurface Roughnegsrange0~1,
"YU Soil Moisturei range0O~1

The above factors of the equatiocan becalcuated with severalformulas
createdoy Renard et al. (1997).

U InEuropearscale itwould be problematito assign monthly or annuah@lues
to classes in the CORINE land cover database by means of a{tadiefI hat
is becauseEurope encompasses a widariety of climatic conditions which
results in large spatial and temporal variations in groveegsa (Van der
Knijff et al., 2000a&). However, up to the regional scdlee assigment of G
values to each land use, would be a fine method. Afterwardsgravailable
the CORINE land cover map for the area of study, a mean valuefemt@
could be extracted.

U An alternative way to determine the cropping management factoth the use

of remote sensing methods, by sorting satellite images and wvsgsgtion
indicators( Ve get at i on(vVdchmdobog, 804 VI 6 s)
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2.3.2.5 Support Practices factofP-factor)

The Control factor or Support Practicesfactor representsthe effect of several
cultivation technique@Figure2.3-6) on the reduction of soil erosipmanely the effect
of soil texture conditions in water flouchtechniquesrethe cultivation parallelto

contours with alternate crop strip@®r grass margingnd with the use derraceqor

stone walls)

Figure 2.3-6: Strips and stone walls asasues to prevent soil loss
(Obtainedby Panagos et al., 2015)

Of all the RUSLE coefficientsit is the mostunreliable.For example in contouring
cultivation the rainfall andrunoff water, is directedat the perimeter of the slope and
therefore with muic smaler slopes.However asfield measurementshow the effect
of contourfarmingon soil erosion can range frobrio 90%.As a result, there is a lack
of stability inP-factor(Renard et al., 1997).

The values of support practice factor can, notatdguce the soil erosion, while it
usually receives values from10 According to Panagoulia and Dimou (2002) for
cultivation parallel to contours it ranges fr@6-0,9,for alternate crop strips fro;h3-
0,45,and when terraces exist it varies frédm2to 0,18 (Vachaviolos, 2014 Several
methods to estimate-actor exist.The most reliable and widespread is the loglew.

At European level, the effect of support practices (compulsory for farmeesdve
incentives under the CABAEC) on soil loss werassessed biy-factor estimation
taking into account: (a) contour farming, (b) maintenance of stone walls, and (c) grass
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margins.P-factor was proposed as a product of those 3factiors byBlanco and Lal
(2008} applied byLopezVicente and Navas (200@anags et al., 2015)

0 0 Q0i 00 'Qa (2.3-24)
where

1 Pcis the contouring sufactor for a given slope of a field
1 Pswis thestone walls sutfactor (known as terrace sdidctor),

' Pgmis grass margins stfiactor (known as stripropping sukfactor and
buffer strips)

Using the Digital elevatiormodel with 25 (m) resolution, the arable lands of 8
European countries have been attributédfactor based on their topographic feature
(slope %)(Panagos et al., 20L9hesethree sukfactors(Table 2.3-2) are usually
determined by field measurements.

Table 2.3-2: Support practiceR:-factor) and sukfactors per country
(Obtainedby Panagos et al., 2015)

Country P, (contouring) P, (stone walls) Py (grass margins) P-factor
AT 1 0.9996 0.9887 0.9883
BE 1 0.9998 0.0457 0.9465
BG 1 0.9909 0.9912 0.0911
CY 0.9909 0.9828 0.9991 0.9730
CZ 1 0.9999 0.9983 0.99382
DE 1 (0.0098 0.9784 0.9782
DK 1 0.9999 0.9844 0.9843
EE 0.9995 0.9998 0.9996 0.9989
E 0.9926 0.9580 0.9778 0.9293
F 1 0.9998 0.9943 0.9942
FR 1 0.9935 0.9691 0.9627
GR 0.9939 0.9676 0.9883 0.9502
HE 1 0.9909 0.9995 0.9994
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2.3.3 Other methodto estimate soil losand sediment yield

The performanceof a hydrographicsurveyor measurementsf flow - sedimentoad

are probaly the most valid methods testimate the sediment yield that enters the
reservoir every year. Howeveheyrequireplentyof technicalandeconomianeando

be completedwith accuracyand they als@onsideronly the suspended sediment load
Followingthis notion some other empiricahd analytical methods to calculstel loss

or sediment yield were developed. Apfmam RUSLE equation Koutsoyiannisand
Tarla (1987) introduced the following equation based omean sediment vyield
measurements several lgatiors of North-western GreeceThus, the meanannual
sedimentield (G in t/km?) is calculated as follows

0 pul Q (2.3-25)

where A is the mean annual precipitation in the watershed (mp@nthe geological
factor given from théollowing formula

e @ g @ no (2.3-26)

where k1, k2, k3 are factorsdescribirg the erodibility of eachgroup of geological
formationsthatthewatersheaonsistsof and in particular:

AHigh erodibility: k1 = 1
AMedium erodibility k2 = Q5
ALow erodibility: k3= 0,1

andpl, p2, p3 theequivalentatiosof areawhereeachcate@ry of formationsappears
dividedby thetotal areaof the watershedindareestimatedisinggeologicalmaps

The empirical modelsresultfrom a regressiomanalysis. Thestability of the factors
duringeachtime scaleconsiderghe soil situation to be skde and permanent which is
not always true. Inevery changeof the soil situation empirical models are not
consideredo beappropratefor this processanda new collection of data and building
of the parameters is required (Zarris, 2019).

Nowadays the comfort and technologicaldevelopmento createa Digital Elevation
Model, makes the area the orggomorphological parameter that is included in the
empirical equations. Beforgaving the cambility to createa DEM without so much
effort, the collection of geomorphologicatlatawas an extremely harc&and complex
procedure which required the extractiohtbese parameters from old topographic
plans. Moreoverntodaythereare plenty of software options and toote calculatethe
geomorphologicaparameters foevery watershedsuch as Surfer, RiverTools etc)
(Zarris, 2019).

The estimation of sediment yield using rating curves is a method that uses data from
field flow (Q) - sediment discharge (Qs) measurements from hydrographic stations on

a river inside onear the watershed. The main concept is to build a relationshipdmetwe

Q and Qs and by having a timeseries of flows (daily flows for example) to extract the

equivalent values for sediment discharge. Then, it is easy to estimsgaraannual

value for seonent yield that enters the reservoir, if having a dataset big ertoumh

valid and a variety of measurement locations to include all the inflows in the model.
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3 Estimation of soil losand sediment yield
3.1Firstmethod:RUSLE equation

3.1.1 R-factor

As mentiored already Ractorcan be calculated kyjanyanalyticalmethods, though
sometimes due to lack of small timescale rainfall data, empirical equations are the only
solution

3.1.1.1 Empirical Methods

Let usbegin with the empirical ways to calculatefdtor. Initially, precipitation data
aregathered from the HellenMinistry of Environment and Energy, the Public Power
Corporation and the Hellenic National Meteorological Service, associations that
manage the rain gauge stations near Kremasta. Ses@rgyrain gauge stations were
used for the extraction of the meamaal rainfall height (mm)Some of the stations
areclose but not inside the watershed of Kremdstayeverall of themareusedin the
present studyso thatthe resultsare more precis@ able3.1-1 revealsthe altitde and

the mearannualrainfall height of eachain gaugestation

Table 3.1-1: Meanannualprecipitation at Kremasta bagi@btained byZarris, 2019)

Station Service | Altitude (m)| Watershed | Mean Annual
Rainfall (mm)
1 ATTIOE BAAFIOE YIIAE 850 Ayeimon 1045.8
2 ATPINIO EMY 24 Ayehon 820.7
3 ;“;i‘;i;?{f AEH 680 Ayehaou 11087
4 ANGHPO AEH 77 Ayehdon 1960 4
3 ANTAAA AFH 1060 Ayehdov 13240
i APANOBA AEH 260 Eunvou 11427
7 APTIOEA AEH 002 Ayehdon 15041
8 APAANOBO AFH 315 Ayehdou 1180.6
o AFTPOXQPI AFH 560 Ayehiou 17728
10 | BAGYPPENMNLA AEH 920 Ayehdov 13700
11 | BAKAPIO AFH 11350 Ayehdov 1533.0
12 | BEAAOPA AEH 560 Ayeiiou 13548
13 | BINIANH YTIAE 620 Ayehdon 10159
14 | BOYAITH AFH 560 Ayehdon 12830
15 | BPATEIANA MIKPA AFH 580 Ayehiou 12483
16 | BPONTEPO AEH 853 ITpverov 14750
17 | TABAAOY YTIAE 50 Ayehdov 1044 4
18 | TE®. EINIZEOITHE AEH 277 Ayehiov 1028.1
10 | TPANITEA YTIAE 850 Ayehdon 1100.5
20 | TPEBIA AFH 800 Ayehdou 1108.1
21 | AOMNIETA AFH 1016 Ayeiion 15200
22 | EAATH YIIAE o000 ITpverov 1633.0
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Mean Annual

Station Service | Altitude (m)| Watershed |p_. e, (mm)

23 | APYMONAT AEH 902 Evipvou 12639
24 | EMIINIANA AEH 1050 Ayerdou 1653 8
25 | @EQAQPIANA YTIAE 950 Ayehoou 22725
26 | KAPITEA YTIAE 1130 Ayehoou 14306
27 | KAPOIIAEL] AEH 910 Ayehdou 14629
28 | KAPITENHEI YTIAE G600 AYELGOU 1101.0
20 | KATASYAAMAIO YTIAE 980 Ayehou 1677.0
30 | KEATASYTO YTIAE 1000 Ayehoou 1283.0
31 | KAYAAA AEH 8§40 Ayehoou 21921
32 | EAEIETO AEH 780 Ayehdou 1166.8
33 | EPIQAPIA AEH 2000 ApayBou 19303
34 | KPIKEAAD AFH 1120 Ayehoou 12804
35 | AEONTIO AEH a30 Ayeloou 1623.5
36 | AETIENOY YTIAE 190 Ayehiou 10248
37 | AEXINI YTIAE 1 Ayeioon T61.1
38 | MAAFTIAAA AFH 380 AyeErdon 1096 4
30 | MATTOYKI AEH 50 Ayeliov 9823
40 | MAYPOMATA AEH 200 Ayeldov 17485
41 MEZOIIYPIOZE AEH 420 Ayeioon 13986

2 | MEZOXQPA AEH 850 Ayeihon 16839
43 | MIEPO ITEPIETEPI AFH 1040 Amou 1238 4
44 [ MOAOXKA AEH 790 Ayehdou 13483
45 | MONAZTHPAKI AEH G60 Avehiou 1661.0
46 | MOYXA AEH 870 Ajyehdon 14535
47 | MIIEZOY AA YTIAE Q01 AyEiDon 13322
4% | MYPINH AEH 1100 Ayehoou 1258.6
49 | NIKOYAITEA AEH 2000 ApayBou 16884
30 | TTAAATOXOPI AFH 581 IInveion 12782
51 | TTATITIAPOYZIL AEH 660 Ayehoon 10635
52 | TIATIOIIOYAO AFH 525 Ayshdou 13025
33 | TTAYAOQIIOYAO AFH 830 Ayeldou 10040
34 | TTAXTOYPI AFH 030 Ayeddou 1050 4
35 | TIEPAIKAKI YTIIAE G380 Ayeddou 15151
36 | TEPTOYAI YTIIAE 1160 Ayeldou 1441 8
37 | IETPAAONA AFH 880 Ayeldou 11853
38 | IOAYNEPI AFH 802 Ayeddou 1081 4
59 | IIPOYEQOE AEH 920 Ayehoon 16862
60 | PENTINA YTIAE 003 IIyvetoli 1112.0
61 | TAPTTAAA AFH 433 Ayeldou 1061.0
62 | ZKOYAIKAPIA AFH 827 Apuybou 1375.0
63 | ETAMNA YTIAE 142 Ayehoou 9421
64 | ZITANOE YIIAE 150 Ymdhouro 10185
65 | EZTOYPNAPAIIKA AFH 840 IInveiol 1646.0
66 | TEMIIAA AFH 306 Ayehdou 1143 4
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i i Altitude (m Ha_an Annual
Station Service (m) Watershed Rainfall {mm)
7 | TOTMMOALANA YTIAE 408 Avehion 11943
68 | TPIKAINO AFH 620 AvErHon 14463
G2 | TPIIIOTAMOE AEH 650 Avehton 1108.5
70 | TPOBATO AFH 1060 Ayehdon 17820
71 | YHI KATTPAKIOY AEH 75 Ayshioy 1034.0
72 | YHE KPEMAZETON AEH 390 AEROo0 1084.3
YHE ITAAZTHPA - .
73 VAPOAHYIA AFH 800 Ajehioy 986.4
YHE IIAATTHPA - .
74 | eparis AEH 801 Ayehiov 11714
75 | #OYIIANA AEH 950 AvERDOU 1243.6
76 | dPPA=OT AEH 700 Apaytov 1459 4
77 | XEAIAONA YTIAE G630 Ayehoov 11957

As occurstheresultingmean annual rainfall heighg 1.433(mm) whichis particularly
high due to the location of the reservairthe west part of Western Greece, a region
with anunstable and intensgimate.This is also obvious in the study of Hydroscope
research prograrfrigure3.1-1) which collecteddata from 80 Greegtaions.

Mean Annual Precipitation in Greece

~  Precioitation staton with R-factor
Mean Annual Precipitation
(mm)
E<150
[_Jaso-s00
] s00-s00
[ se0-6s0
[ es0- 720
[ 720 - 800
[ 200 - aco
I 00 - 1.000
I 1000 - 1.200
—

79

Figure 3.1-1: Spatial distribution of the mean annual precipitation and the rain gauge stations
usedin Hydroscope research progré@®btained byPanagos et al., 26}
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Thirty years of data collection with a-30inute timestep and spatial distritariwith
mean desity of one station per 40 40 (km) pixel size, led to the extraction tbke
abovemap It shows that in Wester@reece, due to the abnormal terrain and dina
there is high mean annual precipitatigenerally highethan 1.200 (mm) (Regos et
al., 2a5).

The value of mean annual rainfall heightised to estimate-Ractor by the following
European empirical formulaSince therareno formulas forGreeceltaly, which has
a similar Mediterranearclimate, could be a decent approach tiee calculatia of R-
factor.

Table 3.1-2: Calculation of Rfactor by European empirical equations

Method Areaof Formula Mean Annual R-factor
application Rainfall(mm) | (MJ mm/ha h)

Van der Knijfff Tuscany, R= P 1433 2.149.5
et al. Italy
Torri et al Italy R=-944+3,08 P 1.433 3.470
Renardand | g\ o0 R= 0,0483L61 1.433 5.827,8
Freimund
g’tcgl""e”ma”” Germany | R=0,83P-17,7 1.433 1.171,7

The cause otheremarkable variancbetweerthe valuesof R-factor (Table3.1-2) is
its spatial sensitity and changdality . It is alsodue to the lack of precisioof these
empiricalmethod (Vachaviolos, 2014)Thus, analytical metha@done of them issed
in this study can provide us with mongertinent and proper conclusions.

3.1.1.2 Analytical Method

For theanalytical c&ulation of Rfactor, formulas described Renard and Freimund
(1994) and presentgureviously inthis study,arechosenThe minfall erosivity factor
atKremastavatershedls calculated based onharty-minuterainfall time step. Ractor
is usuallyestimated using mean monthly or even meamahrainfall data. However,
the use of rainfall intensity in small timescales, allows for safer concludionisis
study,data were available for a span of 20 hydrological yé&8/497512/1995)with
minor gaps.Thirty-minute rainfall heightsare processed foall the significant rainfall
events of each year (820 events)Data are collectedfrom hydroscope.grand
particularly from Monastiraki rain gauge statigifrigure 3.1-2) which is the closest
station tothe reservoirof Kremasta.This station is managed by the Hellenic Public
Power Corporation.

Below the analytial calculations of Ractor are displayed, by counting thalues of
kinetic energy, rainfall intensity and maximum-@inute intensity of each episode of
the yearDue to enormously big number of episodes andsyefprecipitation data,
only someof theepisodes of thérst yearareexhibitedin Table3.1-3 as a sample
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Figure 3.1-2: Monastiraki rain gauge station near Kremasta reservoir
(Obtainedby: Hydroscope.gr)

Table 3.1-3: Calculatiors for 15tand 18 Rain Episode of the year 1975

RainfallRecorder Rain Event Energy
Cumulati Specific
Rain ve Time | Rain | Inten | Kinetic | Kinetic
Hour | height | Height | Step | height | sity Energy | Energy
, Ir er
Year | Month | Day | tr (h) (n\qlr':q) (\n/qrnf) n r‘][)o ({:] ;)N (mm | (M3 | ﬁha)
h) mm)

1975 8 4 | 12:00 | 0,000 0
1975 8 4 | 12:30| 0,262 0,262 30 0,262 | 0,524 | 0,087 0,023
1975 8 4 | 13:00 | 0,252 0,514 30 0,252 | 0,504 | 0,086 0,022
1975 8 4 | 13:30| 0,152 0,666 30 0,152 | 0,304 | 0,084 0,013
1975 8 4 | 14:00 | 0,148 0,814 30 0,148 | 0,296 | 0,084 0,012
1975 8 4 | 14:30| 0,012 0,826 30 0,012 | 0,024| 0,081 0,001
1975 8 4 | 19:00 | 0,005 0,831 270 | 0,005 | 0,001 | 0,081 0,000
1975 8 4 | 19:30| 0,073 0,904 30 0,073 | 0,146 | 0,083 0,006
1975 8 4 | 20:00| 0,157 1,061 30 0,157 | 0,314 | 0,084 0,013
1975 8 4 | 20:30| 0,192 1,253 30 0,192 | 0,384 | 0,085 0,016
1975 8 4 | 21:00| 0,115 1,368 30 0,115 | 0,230| 0,084 0,010
1975| 11 19 | 20:00 | 0,026 | 0,026 30 0,026 | 0,052 | 0,082 0,002
1975| 11 19 | 20:30 | 12,174| 12,2 30 | 12,174 24,348| 0,228 2,778
1975| 11 19 | 21:00 | 9,057 | 21,257 30 9,057 | 18,114| 0,206 1,862
1975 11 19 | 21:30 | 0,521 | 21,778 30 0,521 | 1,042 | 0,092 0,048
1975| 11 19 | 22:00 | 2,867 | 24,645 30 2,867 | 5,734 | 0,133 0,382
1975| 11 19 | 22:30 | 0,046 | 24,691 30 0,046 | 0,092 | 0,082 0,004
1975| 11 19 | 23:00 | 0,024 | 24,715 30 0,024 | 0,048 | 0,082 0,002
1975| 11 19 | 23:30 | 0,007 | 24,722 30 0,007 | 0,014 | 0,081 0,001
1975| 11 20 2:30 | 0,040 | 24,762 | 180 | 0,040 | 0,013 | 0,081 0,003
1975| 11 20 3:00 | 0,208 | 24,97 30 0,208 | 0,416 | 0,085 0,018
1975| 11 20 3:30 | 0,434 | 25,404 30 0,434 | 0,868 | 0,090 0,039
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As shownin Table3.1-3 abovethe rainfall recorder measures the rainfall heightdi/
qV/r) in millimeters,during a time step of thirty minutes. The calculatifarseach time
span of the episodavolve the cumulative rainfall height (Vr 2), the intensity of the
rain (Ir), the specific kinetic enerdgr) and the kinetic energle) computel as:

i O wiWdY 3 (mm/hr) (3.1-:1)
i Qi Tt wp TXCQOATULOI  (MIhdmm) (3.1-2)
i 0 i Qi (MJ/ha) (3.1-3)

Lastly, the valueof the maximum 3@ninute rainfall intensity, the total kinetic energy
and the raifall erosivity is counted for each episode as:

Maxlzo (mm/hr)is the maximum of all the rainfall intensities of the episode
Total kinetic energy of the episode is the sum of all kimetic energies
calculated for each span

1 Rainfall erosivity(MJlumm/halhr) of each episode ithe productof the total
kinetic energyandthe Max|zo.

T
T

Subsequently, the results of these two episotite first yeartaken as an exampéee
presented below:

Max130= 0,524
TotalE= 0,116 vV

Rainfall Y

Erosivity= 0,061

15t Rain Episode

Max 130= 24,348
TotalE= 5,138 v
Rainfall Y

Erosivity= 125,112

18" Rain Episode

It is evidenthat in the ¥ episode, the fact that all the values of rainfall heightésiow

(< 1 mm), leads to an insignificant rainfall erosivity value. At the same time, in the 18
episale there are extremely higtainfall heights such as 12 or 9 (mm) in-@ihute
timesparwhich showsa big amount of kinetic energy (E) and a very intense rain (Ir).
Thus, occurs a rainfall erosivity of 125 (Mdm/hdhr) for just one rain event. This
valuecontributes to a high soil erosion due to rainfall erosivitye same technique is
followed forall the rain episodes of the @ars of dataEventually, the mean annual
rainfall erosivity for Kremasta region, during ay@ar period of available precigiion

data is:

Rtotal (MImm/haihr) = 1.297,813
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3.1.2 K-factor

It was not possible to gather and analyze soil samples from the study area, neither to
use the nomograph or thgischmeier and Smith (1978) formula due to lack of data.
Thus, n order to detenine the value of Kfactor for Kremastabasin where the soil

formatiors consist of flysch, limestone and alluvial deposits, the following references
are used:

1 Research projects of Van der Knijff et al. (2000a&b) and the results occur from
them and preséedin Figure3.1-4

1 Research projects of Panagos et(2012&2014) and their conclusions for
European values of Hactor

1 New il erodibility map of Greecey Efthimiou (2020)

As mentioned earlier, concerning the geological conditions, the area of Kaemast
conssts mostly of sedimentary rock formations suclilyech and limestoneSo, for

the estimation of Kactor, soilsare classifiedinto different types of flyscHimestone

and alluvial deposits, and the area of each catdgongasured. Subsequenttypical
values of Kfactor are extractedrom international literature (Van der Knijff et al.,
2000) and adjusted to Kremasta study afeashownin Figure3.1-3, the geological

map of Kremasta watershed was available (Zarris9&dd used for the caputdion
of areasn AutoCAD environment:
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Figure 3.1-3: Geological formations of the watershed of Kremasta reservoir
(Obtainedby Zarriset al, 2001)
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Table 3.1-4: Individual andmean values of Kactor for theformationsof Kremasta

Geological Formaon | Ai (km?) | Kio /a Wi Y "1 (AIlA) Kit i
Flyschof Gavrovo 510,26 0,02 0,155 0,003099
Flyschof Pindos 737,41 0,035 0,224 0,007838
Allouvial deposits 3,29 0,1 0,001 0,000100
Limestoneof Pindos 1.850,1 0,004 0,562 0,002247
Limestoneof Gavrovo| 190,94 0,003 0,058 0,000174
Hyperpindos 0,99 0,008 0,0003 | 0,000002
Limestone
Total 3.292 - 1 -
Y daWiKy | 0,0135

Based on thetmvementioned soil and petrographic conditions of Kremasta watershed
and bearing in mind thpercentage of clay, sand and silt frétfanagost al.(2014),

the soils of this region are ranked in medium classposition) FromTable2.3-1 it

is obvious that Kfactor for these soils i®ughly0,0311( t L h/ MJ L mm)

Soll Erodibility Factor

Soil Erodibility [(tha.h)/(MJ.mm)]
Factor (K Factor) O - 001
B 0.01-0.02
2 0.02 - 0.03
0.03-0.04
EUROPEAN 0.04 - 0.08
SOIL B - 005
BUREAU e

EUROPEAN COMMISSION

Figure 3.1-4: Calculation of kfactor(Obtainedby Van derKnijff et al, 2000)
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Efthimiou (2020)is another recent study that describes the development of the new soil
erodibility map of Greece (Figure 35). The calculation of the Hactor was based on
field samples deriving from the pdfturopean LUCAS database and the Greek

NAGREF, utlizing the Kfactor nomograph by Wischmeier and Smith (1978).
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Figure 3.1-5: New soil erodibility magK-factor) (Obtained by Efthimiop2020)
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According to the results of the work Bfanagos et al. (2012&2014), soil erodibility

factor for Western Greeganges from 0,00,028( t L h/ MM dmmd e r

Knijffds

(Figure 3.14) considers the Kactor for Western Greecetobe 00D3( t L h/ MJ L mm
(LUCAS European databaseHowever, this value has a high probability of error
because it is applicable to a largeiety of soils and is also not so closéhe value of

K occurred from the analytical methddoreover, Efthimiou (2020) majpnore recent

study shows that Kfactor for Kremasta is less than 0,02 I h / MJThus,nihe

chosen value for Kactor in theframe of this project is the one which calculated

analytically (Table3.1-4): 0,0135
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3.1.3 LS-factor

The calculation of LSactor is held in Geographic Information System (GIS)
environment; namely, QGli&ogramis usedThe European Soil Data CentreéS[BAC)
having as input a-km resolution digital elevation model (DEM) of Europstimated
the steepness anglé)(and the uptream area contributing to erosion (As).
Subsequently he slope and slope length factors were estimated usiregtregionof
Mitasova and Mitas (200)LaEventually, the output of the GIS modellirega map in
grid formand resolution of 2% 25m (pixel size) showing the variation of LS values
in the watershed of Kremastt displaysvalues of LSfactor from0,109 (minimum
value) to 89.4Fmaximum value)while te statisticsmeanextractedrom themapis
8,124 with as standard deviatiah 5,11 As perceived, ta mearvalue is highand this
occurs mainlybecause of thebnormaiterrain of Kremastaegionwhich isevidentat
the DEM where the altitudes range fron240 (m) to+2500 (m) Figure 3.1-6 shows
the resulting LSmap in GIS.

Legend
[ Reservoir
LS factor

I 0.108864

_ 89.449 0 10 20 km

Figure 3.1-6: LS-factor map in GIS environme(GIS 3.6.1)

Frominternational literaturesuchasVan der Knijff et al. (2000) and Panagos et al.
(2014),it is obviousthat for the surrounding area of Kremasta watershed, slope length
and steepness (Lfactor) ranges fronb-10. Thereforethe calculated value &,124
seensto be adecent approximation, regarding the size of this research study.
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3.1.4 C-factor

The values ofC-factor for every land use at Kremasta watershed, occur from
international bibliographicesearchsuch asVischmeier and SmitfL978, Lambrakis

et al. (201}, Van Der knijff et al.(2000 andZarris (2019).Basedon variations that
appear in the literature at values of C, it usually ranges from-@ &0 the frame of

this study is chosen teep the lowevalues of Cin order to balance the overestimation
of R-factor.

Thedifferentland usesof Kremasta areare determined according to the digital maps
of Corine Land Cover (200@yith scaleof 1:100.000andX U £ | (@ &reek research
institute) with scale of1:20.000.Accordingly, a value of @actoris assigned to each
onecoded land usgCi):

Table 3.1-5: Calculation of Cfactor

LandUse Ai (km?) B '100% Ci’ A
Continuous urban fabric 2,7 0,001 0,1 0,000001
Complex cultivation 20,9 0.18 0.6 0,0011
patterns
Agncultgrewﬂh natural 2096 0,07 5.9 00041
vegetation
Broadleaved forest 131,5 0,003 3,7 0,0001
Coniferous forest 822,8 0,001 23,0 0,0002
Mixed forest 356,3 0,002 10,0 0,0002
Natural mastures 183,7 0,3 51 0,0154
Sclerophyllousegetation 629,1 0,02 17,6 0,0035
Transitionawoodland 649.4 0,02 18,2 00036
shrub
Beaches, dunes, sands 23,7 0,6 0,7 0,0040
Bare rocks 23,7 0,02 0,7 0,0001
Sparsely vegetated areas| 434,9 0,45 12,2 0,0548
Inland marshes 81,7 0,0001 2,3 0,000002

Total: 3.570 - 100 0,08724

Table 3.1-5 aboveindicatesthat the lower valuesof cover managemenfactor are
observedn areaswith high vegetationcover(e.g. forestg which declareghe natural
andsignificantprotectionthatvegetatioroffersagainsthephenomenoof soil erosion.
Onthecontrary sparsely vegetated areaandy areas and pastures are highly exposed
to erosion, so they are represented by a high cover managementliiaetorean value

of C occured is0,08724

According to Van der Knijff et al. (2000) cover management factor map for European
Union, thefigure attributed to Gactor for the Western Greece is betwedb@nd (2.
Therefore, the value d@,08724which occurredrom the calculatios of the current

thesis projecand lies between those boundaries, is a decent approximation of the cover
management situation of the area and certainly close to values suggested in
international literature.
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3.1.5 P-factor

Thesupportpracticedactor, asoccursfrom internationaliterature usuallyreceiveghe
valueof 1, without furtherresearcton the effecof alternative cultivation techniques
to prevent the phenomenon of soil lo8gachaviolos, 2014 Though, Kremasta
watershedwhich isa highlyerodibleareais expected to havelaw value of P because
of these technique$herefore, Hactor should be thoroughly considered during the soil
lossestimation becaugecansignificantly reducehe soil loss.

The land cover for Kremasta basin is defineddoyine Land Cover (200Q)the same
way as with CGfactor Values of P-factor for each land usere extracted from
international literaturand projects suchasZarris (2019)andVachaviolos (2014)The

coefficients of the Ralues for the different landses in the Kremastavateshedare

presented iTable3.1-6.

Table 3.1-6: P-values for the different land uses of Kremasta watershed

LandUse Ai (kn) Pi (AiK | ﬁ - t AT
Continuous urbaffiabric 2,7 1 0,1 0,0008
Complexcultivation 209 0.75 0.6 0,0044
patterns
Agncultpralwﬂh natural 209.6 0.85 5.9 0,0499
vegetation
Broadleavedforest 131,5 1 3,7 0,0368
Coniferous forest 822,8 1 23,0 0,2305
Mixed forest 356,3 1 10,0 0,0998
Natural pastures 183,7 1 51 0,0515
Sclerophyllous vegetation 629,1 1 17,6 0,1762
Transitionawoodland 649.4 1 18,2 01819
shrub
Beaches, dunes, sands 23,7 0,8 0,7 0,0053
Bare rocks 23,7 0,8 0,7 0,0053
Sparsely vegetat areas 434,9 1 12,2 0,1218
Inland marshes 81,7 1 2,3 0,0229

Total: 3.570 - 100 0,9871

As observed, the final mean value offé#tor for Kremasta watershed 59871
According to Panagos et al. (2015),het most erosive areas -(R
factor> 900 MJlmm/hahlyr) such as Kremastaainly located in the Mediterranean
basin have meap-factor equal to @574.0n the ontrary, in the less erosive areBs (
factor< 410MJlmm/hahlyr) the mearP-factor is Q9845. The support practices are
mainly focusng in erosie prone areagPanagos et al., 2013owever, in Kremasta
basin, which is a highly erodible areafd@tor has a high value becaugas mainly
composed of forests and sparse vegetation without special cultivation methods to
prevent soil loss
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Accordingto Panagos et al. (2018Figure 3.1-7) for the studyarea which islocated
in Western Greecé®-factor ranges from,9-0,99 so the value 09,987 1is considered
as a good approximatiarery close to values from international literature

oW o MIE 0 XE

Figure 3.1-7: Support conservation practices factor in Europeggional level
(Obtainedby Panagos et al2015)

All the aforementioned calculations contribute to the estimation of a value for the soil
loss (t/ha) using the RUSLE equation:

0 Y+ ,3#0 pqdix mmpowpcmmyxgwyyped v)JEA
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3.2Secondmethod:GIS moddéing

The second methodolody estimate the soil loss in Kremasta watershed insltiae

use of GIS modelling and the RUSLE equatidhe program used is QGIS whibas

a sinple and friendly interface presentedrigure 3.21. Moreovey the European Soil
Data Centre (ESDAC) provided us with high resolution maps in grid form, for every
single factor of RUSLE formuléor all the European countrieghus, tre first sepis to
define the area and geometry of Kremasta watersimetispecify its boundariesnd
afterwards to extract each factor naaql the information that contai(iSigure 3.22).

@ *gis- QGIS - X
Project Edit View Layer Settings Plugins Vector Raster Datsbase Web Mesh Processing Help

bCoBRRH QLN PRALIBGBOR & B #Tm- 0
LA AT AN E ® ~aR + & ¥

=2 bythotin14400X400...

W 16062
268,945
' DEH200X200BLN4
| REY
307.91
Q Type tolocate (Ctrl+K) Coordinate | 22526,25676 |9 scale |0:1 v | @ Magnifir| 100% +| Rotaton 0.0° 3| [v/Render @ erseiazn @
Figure 3.2-1: QGIS Interfac€QGIS 3.6.1)
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Figure 3.22: Layer properties windoQGIS 3.6.1)
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3.2.1 Geometry of the surroadling area
Initially, the four basins of the main rivers of the surrounding area are presented in
vector form in QGIS environmeim Figure 3.23:

Agrafiotis Basin

Acheloos Basin 9

Tavropos Basin

é— Trikeriotis Basin

P Reservoir
[ Basins

Figure 3.2-3: Four main lasins of the surrounding areBKremastan vector form
(QGIS 3.61)

Data concaring the rservoir and the subasinsis gatheed from geodata.gov
Subsequently, theatersheaf Kremasta reservois determinedh Figure 3.24:

I Reservoir

[ watershed of Kremasta reservoir
0 25 50 km

Figure 3.2-4: Watershed oKremasta reservoin vector form(QGIS 3.61)
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file:///C:/Users/Markos/AppData/Roaming/Microsoft/Word/geodata.gov

3.2.2 Grids of RUSLE factors

I n QGI S it i's easy to import |l ayers (fAVec

common types) which include informatiosuallyregarding soil oground properties
(such adigital Elevation/Terrain ModelsasFigure 3.25 indicates

() *gis - QGIS - X
Project Edit View [ENEJ Seltings Plugins Vector Raster Database Web Mesh Processing Help

D ) Data Source Manager Crl+L ') }a |_|:_|J [E‘ |E| E 0\3
Create Layer »
q L] \,/: 4 3\ add Vector Layer.. Clrk StV

D\Q %’;}Zﬁ'o il
R 2aRHE {¥F

Add Layer
Embed Layers and Groups.. -, Add Raster Layer... Crl+Shift+R
Add from Layer Definition File...
§ CopyStyle
Paste Style

B Add Mesh Layer...
9, Add Delimited Tet Layer...
W, Add PostGIS Layers... Ctrl+Shift+D

Identify Results ®
FRA G 8 -

Figure 3.25: Process needed to add a layer in Q@JGIS 3.6.1)

All the grids below ee extracted fronteuropean Soil Data Cent(ESDAC) siteand
contain information concerning the RUSLE equation factors.

3.2.2.1 R-factor:

TheFigure3.2-6 indicateshow the valuesf R-factor (rainfall erosivity)range across
the watershed of Kremasta

Legend

[ Reservoir

R factor

Ml 541.786
2169.1

Figure 3.2-6: Grid revealing the Ractor values of the watershé@GIS 3.61)

The resolutior(pixel size)of the abovegrid is 500 x 500 (m) and displays values of

rainfall erosvity factor from 541,8 (minimum value) t02.169,1 (maximum value),

while the statistics mean extracted from the map.190,3( MJ L mm ,itha a L h)
standard deviation #06,2.
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3.2.2.2 K and LSfactors:

The Figure 2-7 belowis in grid form and resolutiofpixel size)of 500x 500(m) and
displays values osoil erodibility factorfrom 0,0075 (minimum value) to0,0434
(maximum value), while the statistics mean extracted from the map0R04

( t/MhL mwmith a standard deviation 6{00397.

Legend
Reservoir

K factor
0.00755838
| 0.0433897

0 10 20 km

Figure 3.2-7: Grid revealng theK-factor values of the watershé@GIS 3.61)

The Figure3.2-8 belowis in grid form and resolutiofpixel size)of 25 x 25 (n) and
shows the variation of LSvalues in the watershed of Kremasta

Legend
Bl Reservoir
LS factor

N 0.108864

89.4496 0 10 20 km

Figure 3.2-8: Grid revealing theé.S-factor values bthe watershedQGIS 3.61)
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It displays values of L$actor from 0,109 (minimum value) to 8% (maximum value),
while the statistics mean extracted from the ma&hi24 with a standard deviation of
5,11 The maximm values of LSactor (thewhite ones)appear at the ridges of the
mountains and in areas of rough terrain.

3.2.2.3 C-factor:
The Figure3.2-9 belowis in grid form and resolution df00 x 100(m) andshows the
variation ofC-values in the watershed Kfemasta

Legend

[ Reservoir

C factor

Il 0.00061823
0.357355

0 10 20 km

Figure 3.2-9: Grid reveaihg theC-factor values of the watershédGIS 3.61)

It displays values ofc-factor from 00006 (minimum value) t00,3573 (maximum
value), while the statistics mean extracted from the mdph0406with a standard
deviation 0f0,0634 The maximum valuesfaC-factor (the white ones) appear in
sparsely vegetated areas, natural pasture®@uetihe opposite side, the minimunmuwes
are displayed itow erodibility areas such as forests and urban fabrics.

3.2.2.4 P-factor:
TheFigure3.2-10below is in grid form andesolutionof 100 x 100 ih) and shows the
variation of Pvaluesin the watershed of Kremasta.

It displays values dP-factor from 06 (minimum value) tdl (maximum value), while

the statistics mean extracted from the ns&p9975with a standard deviatioof0,0271

The maximum values of-Ractor (the black ones) appear in areas with no special
cultivation technique tornevent erosion such as forests and other natural vegetated
regions. On the contrary, the minimum values are displayed in complex caftivat
patterrs and areas with contouring methods.

50



Legend
[ Reservoir
P factor
0.6
B

0 10 20 km

Figure 3.2-10: Grid revealing thé>-factor values of thevatershedQGIS 3.6.1)

3.2.3 Soil loss

After extracting all the maps in grid form, the next gepocalculate the soil loss by
multiplying the rastes; using te RUSLE equation. This feasible due to the raster
calculator tool of QGIS and a boundary rastethe basinThe whitecoloredareas are
the ones for which date not available. Ithe Figure 3.2-11 below,the resultingnap

of soil lossin grid form, is presentedThe resultis a raster of soil loss (25 x 2B
resolution) for Kremastéasin,with a minimum value (black) of 0,000874 (t/ha), a
maximum value (yellowgreen) of 300,38 (t/ha) and@ean annualsoil loss value of
7,385(t/ha).

Legend
[ Reservoir
Soil Loss 0 10 20km
I 0000874 _——
300,38

Figure 3.2-11: Grid of soil loss (QGISS.6.1)
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3.3 Aggregaéed results of the two methsdnd further calculations

3.3.1 Comparison of the two methsd

The first method to calculate the soil lassthe applicatiorof RUSLE equation and
analytical formulador its factors,ending up in a mean value feachRUSLE factor.
The second methodology the extraction of grids for evefgctor ofRUSLE, in GIS
environment and the multiplication of grids to extract a final soil loss grid.

The results that occurred from setwo methodologiesire presented and coanpd d
Table 3.3-1 below.

Table 3.3-1: Comparison of the two methodologies

Analytical useof RUSLE GIS and RUSLE
RFIFOG2NJ 6aW 1.297,8 1.100,3
KFIFOG2N odi 0,0135 0,020¢
LSfactor 8,124 8,124
Gfactor 0,0872 0,0406
P-factor 0,987 0,9975
Sol Loss (t/ha) 12,257 7,385

As observed at Tabl@ 3-1, the averageannual soil loss occurred from the analytical
RUSLE application is much higher than the one from GIS modelling. This happens due
to thewide varietyof the values attributetb C-factorfor every land use and also the
overestimation of Ractor in theanalytical application of RUSLElue to laclof long-

term precipitationdata According to Panagos et al. (2015), the soil lofsthe area of
Kremastaranges from 8.0 (t/ha), so both approxmatiors seemto bemoresatisfying.

3.3.2 Estimation of sediment yield

The issue of the transition from soil loss (As) to sediment yield (Sy), has been a field
of intensive research efforts from the 1960s to todéchaviolos, 204). Sediment

yield isdefined as thguantity of sediment that ends up in the reserddiefollowing
eguationconnects the sediment yield with the $odsthrough a delivery ratio

SDR= — (3.31)

where

SDRis theSediment deliveryatio (0~1),
Syis thesediment yield (t/ha)
Asis thesoil loss(t/ha).

The sediment delivery ratio is the part of soil loss that is converted into sediment yield
through the hydrographic tveork. From a natural point of view, the sediment yield is
the dfference between the produced soil loss and the quantity of sediment that is
repositioned somewhere in the watershed, but not inside the reservoir.
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There are severatorphological, geologidaclimatic and hydrologicdactorsthat play

a significant rod i nt t des fior mati ono of soi l | oss
estimation of SDR, empirical equations are used and they correlation the factor either
with the Area (nf), or with other chracteristics of the watershed. The first formulas

are usually peferred die to their good statistic correlation and their simple application.
Themost common formulas are:

T Log("YOJ¥ 1x wao vp mp w [ d),IRénf (1975) (3.32)
T "YO¥ mh 6 08 USDA-SCS (1971) (3.33)
T "YO¥ 071 0125 Vanoni (1975) (3.34)

Where A is the Area itmi?). In the frame ofhis studyVanoni(1975)equatioris used,
with the area of Kremasta basin being approximately 3292)(km271 (mf). Thus,
the results ofsediment delivery ratio by Vano(ii975)equationand sediment yield by
the equatior8.3-1 above aras presented in Tab83-2 below

Table 3.3-2: Estimation of sdiment yield by empirical equations

Analytical useof RUSLE GIS and RUSLE
Soil Losqt/ha) 12,252 7,385
A (mP) 1.271 1.271
SDR 0,172 0,172
Sediment Yieldt/ha): 2,107 1,270
Sediment Yieldt/ km?): 210,7 127

3.4Koutsoyiannis& Tarla(1987)method

Apart from RUSLE equationKoutsoyiannisandTarla(1987)introducedhefollowing
equation based on maaements on the meaediment yieldn several locations of
Northrwestern GreeceThis method ignores the fact that sometimes the same
percentages of gemgical formations may have vastly different properties in terms of
eradibility, because totally different areas are examined. It considers that every
geological formation has a mean group of standard properties and hence it can give a
guantitative estimatin of the sediment yield based on that (Koutsoyiannis and Tarla,
1987) Thus,the meanannualsedimentyield (G in t/kn?) is calculated as follows

O pur Q (3.4-1)

whereA is the mean annual precipitation in the watershed (mpasthe geological
factor given from the following formuia

R o @ g @ Ao (34-2)

wherekl, k2, k3 are factors describingthe erodibility of eachgroup of geological
formationsthatthewatersheatonsistsof and in particular:
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High erodibility k1 = 1for alluvial deposits, flysch

Medium erodibility:k2 =0,5 for sandstones, matrls, slates

Low erodibility: k3 = 0,1 for limestones, dolomite, metamorphic rocks,
igneous rocks

E N g

andpl, p2, p3 theequivalentratiosof areawhereeachcakegoryof formationsappears
dividedby thetotal areaof the watershedindareestimatedisinggeologicalmaps

For the case of Kremastaservoir thepl, p2, p3 percentages armeasured from
geological mapgobtained by Zarris et al., 2001) in AutoCAD 2Dvironment using a
simpleii Aead commandThe results indicate thallavial deposits and flysch account

for 38% of the area of the basin, while sandstone, marls and slates have 1% and
limestones account forl&. Thus,pl is 38%,p2 is 1% and3 is 61%. Moreover, the

mean annual precipitation of Kremasta watersheg4i33L(m). Asso from equations
34-1and 34-2:

[ T gp mmpm Tpprnp T T @
O pumh T GQ " T wiygtkmd

As observed, thesediment yield that occurs from Koutsoyiannis and Tarla (1987)
method is 492,6tkm?), while the RUSLE equatioand GIS methodesulted in 210,7

(t/km?) and 127 (#m?) accordingly. It is evident that these methods differ in terms of
the parameters they examine and the empirical features they contain, so the disparity
among the resultss anticipated at a certain level. Moreover, the unpredictability of
sediment erson and transport as natural stochastic processes contributes to this
discrepancy.

Apart from the precipitation and the geological factor, this method does not consider

other factors such as land cover management, the slopes of the terrain of theetvatersh

and -daoasiono techniques that might exist.
and decrease the erosion dramaticdfigr example, vegetation cover can sometimes

inhibit the erosionrateupto 1P%on c ompar i son with a iBnaked?o
and Tarla, 1987)This method takes into account the current soil situation and the
precipitation of the examined arddowever, itonly considers the case of suspended
sediment transpart

Koutsoyiannis and Tarla (1987) found that by comparing diffexetdgrsheds, there is

a positive correlation between the sediment yield and the appearance ratio of flysch
inside the basin, whereas for limestone this correlation is negative. This conclusion is
reasonable because flysch is highly erodible, while limest®omot. In addition, the
material produced from limestone erosiomigre often carried as bed load, rather than

in suspension, thus not resulting in high sediment yield values (Koutsoyiannis and
Tarla, 1987).
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4 Estimation ofsedimentyield usingrating curves

4.1 Collection ofdata

Another way to estimate the sediment yield ending up inside the Kremasta reservoir is
to build a relationship between the flow and the sedinoent, by using dataccurred
from field measurement$he gatheringand editing bflow data for Acheloos river and
its tributaries(flow of the rivers that end up into Kremasta reserwaas not an easy
process. Years otontinuous measurementgork and researctfrom a teamof
scientistsat National TechnicaUniversity of Athensard other institutions, led to the
collection ofnearly42 years oinflow data from 1/10/1966bgfore he beginning of
t on TableA.412ahdX0aph84-
1. Worth mentioning here is thdteinflow data availble are daily and cover roughly

t he

damobs

operation)

as

a 42year period. Thussoncerning thait was not feasible to present all the flow series

in Table format, only a sample of them is presented below along with theSoégh
4.1-1) that shows how thtetal inflows of the eservoir vary through the aforementioned

Table 4.1-1: Inflow dataatKremasta reservo{19662008)

time period.
| Date [ Flow(m3ss) |
1/10/1966 32,5
2/10/1966 249
3/10/1966 30,5
4/10/1966 43,0
5/10/1366 46,3
6/10/1966 42,2
7/10/1966 38,0
B8/10/1966 17,7
9/10/1966 17,7
10/10/1966 38,8
11/10/1966 32,5
12/10/1966 10,8
13/10/1966 185
14/10/1966 23,6
15/10/1966 30,4
16/10/1966 30,4
17/10/1966 30,4
18/10/1966 30,4
19/10/1966 163,4
20/10/1966 B1,3
21/10/1966 22,8
22/10/1966 239

The main soil parameters that affect the routing of the surimcdf are (Zarris, 2019):

AThe permeaility of the soils

ATheavailablesoil moisture

AThemeanslope theslopelengthandma n n i roughaessactor.

D
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7/12/2008

8/12/2008

9/12/2008

10/12/2008
11/12/2008
12/12/2008
13/12/2008
14/12/2008
15/12/2008
16/12/2008
17/12/2008
18/12/2008
19/12/2008
20/12/2008
21/12/2008
22/12/2008
23/12/2008
24/12/2008
25/12/2008
26/12/2008
27/12/2008
28/12/2008
20/12/2008
30/12/2008
31/12/2008

1425
1204
93,8
90,5
76,8
105,5
1825
192 4
192 3
175,77
1272
5377
5104
356,9
2381
175,2
1524
1290
1138
1138
116,2
94,1
o994
78,9
73,2
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Graph 4.1-1: Hydrograph oKremasta reservoir inflog1966- 2008)

Sediment loadneasurements were held by the Public Power Corporé@Bg S.A.)

of Greecebetween 1967 and 1970 with a different frequency per seasdrdata
concerning the sediment discharge of Acheloos river and its tributaries were collected.
The areas of sedimenbdd measurements are: Avlaki, Megdovas, Mesochora and
Kremasta, all of therm c |
measurement®nly for Kremasta and Mesochora hydrographic statwe)illustrated
belowin Tables4.1-2 and4.1-3.

uded i n

Kr emast a ovalues of suehr v o i

Table 4.1-2: Field measurements of flow and sedimdoif at Kremasta area
(Obtainedby Zarris, 2019)

Date Flow (m3/s) Sediment Flow (kg/s)
22/1/1964 85 7.92
23/1/1964 88 11.75
24/1/1964 85 6.79
25/1/1964 80 6.72
26/1/1964 79 845
27/1/1964 76 056
20/1/1964 70 6.78
30/1/1964 73 10.37
31/1/1964 86 38.19

1/2/1964 101 2546
2/21964 101 33.80
15/2/1964 800 3460.65
16/2/1964 352 581.02
17/2/1964 205 190.39

28/2/1964 230 27431
1/3/1964 775 806.71
2/3/1964 1780 12094 91
3/3/1964 1150 6585.65
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Table 4.1-3: Field measurements of flow and sediment floviesochoraarea
(Obtainedby Zarris, 2019)

Date Flow (m3/s) Sediment Flow (kg/s)
12/12/69 50.08 2.82
12/17/69 55.95 2.95
4/10/70 513 341
4/13/70 79.97 10.17

217172 18.25 0.54
2/14/72 4252 1.11
2/24/72 42 49 2904

5/3/72 36.61 2.36

6/7/72 11.88 042
6/14/72 03 028
2/24/73 25.66 0.78
2/26/73 3455 1.25

The other dateextracted from Zarris (2019) research project is presented in the
Appendix at the ahof thepresenthess project. The number of measurements held

seems insufficient to calculate accurately the mean annual sediment yield and indeed

Wischmeier and Smith(1978) believe that at least 22 years of precipitation

measurements are needegsdmate the rainfall emvity. This means (especially for

widebasi ns)
extremely high. In the frame of the current study it is going to be proved (by comparing

the results with Zais (2019) study) that eveshortterm flow - sediment load

t hat

t he

ti

me needed

f or

measurements can reveal the real situation adéjpesitionin the reservoipool.

4.2 Flow - sedimentioadratingcurves

In this unit, tvo different casesreexamired. At the first one, only dataeaured at
Kremastehydrometric statiorareused, while at the secondsedataaregathered from
measurements carried out at 4 hydrometric stations into the watef&kizdi,
Megdovas, Mesochoy&remastq The goal is to compare tlomutcome of thdwo

SOi

different datasets in s of accuracy and proximity to the hydrographic survey of

Zarris et al. (2001). Mvould alsobe meaningfuto investigate if tb methodologythat
uses rating curvds more representative and closer to thésiaation of the re=voir
(according to fidrographicsurveys), than thethermethods.The method used is the

simple regression between the logarithmic values of Q and Qs.

4.2.1 First case

The first areawith datameasuredh 1964 is the location of Acheloos rivat Kremasta
region before the cortauction and operation of the daifhe goal here is to derive a
formula between the river flow and sediment discha(@eQs). It usually has a

exponentiaform asbelow.

V)

14

&

U
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The factors fnao aardc ailbcoul aft edh e ye quwsatnigont h
Aintercept o f un aningamditie flawfandsedimeaokaddata far theg a m
year 1964 where:

@ [ aéno (4.2-2)
o) QQs i@ o (4_2_3)

Table 4.21 presents the flow and sediment discharge data along with their logarithms
while Table 4.22 shows the construction of the relationship between them.

Table 4.2-1: Flow andsedimentioadmeasuements and logarithms

Date Q (m/s) Qs (kg/s) In (Q) In (Qs)
22/1/1964 85 7,92 4,443 2,069
23/1/1964 88 11,75 4,477 2,464
24/1/1964 85 6,79 4,443 1,915
25/1/1964 80 6,72 4,382 1,905
26/1/1964 79 8,45 4,369 2,134
27/1/1964 76 9,56 4,331 2,258
29/1/1964 70 6,78 4,248 1,914
30/1/1964 73 10,37 4,290 2,339
31/1/1964 86 38,19 4,454 3,643

1/2/1964 101 25,46 4,615 3,237
2/2/1964 101 33,8 4,615 3,520
15/2/1964 800 3460,65 6,685 8,149
16/2/1964 352 581,02 5,864 6,365
17/2/1964 205 190,39 5,323 5,249
28/2/1964 230 274,31 5,438 5,614
1/3/1964 775 806,71 6,653 6,693
2/3/1964 1780 12094,91 7,484 9,401
3/3/1964 1150 6585,65 7,048 8,793

Table 4.22: Values of a, b factors and correlation between Q and Qs

a= 0,00045
Slope b) = 2,32254
Intercept = -7,706

Correlation= 0,978

So, the resulting formuland double logarithmic plot of Qs (Graph 4.2-1) for
Kremasta areare

Qs =0,000451 N
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Graph 4.2-1: Double logarithmic plobf: Flow (n/s) - Sediment Load (kg/s)

By generalizing anépplying this formulao the flow data presented @able4.1-1
from 1966 to 208,thefluctuation ofdaily values oksediment load)s (t/d)that flows
into the reservoir from Acheloos and its tributari&s, this specific time periods
revealedn Graph4.2-2 bdow:

Timeseries of Sediment Load (1st case)
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Graph 4.2-2: Timeserieof sedimentoad flowing into the reseoir (19662008)

Table 4.2-3 below displaysthe meanannualvalue of sedirant yield flowing into
Kremasta reservoin tons and tons per square kilometer of the area of the watershed.
The calculated a and b factors are also presented along with the area of the watershed.
Sediment vyield iscalculated by using measurementdata only from Kremasta
hydrometric statiorf1% case)
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Table 4.2-3: Meanannualvalueof sediment yieldSy)

a= 0,00045
b= 2,32254
A (k) = 3.292
Sy(t) = 1.464.183
Sy(t/km?) = 4448

4.2.2 Second case
In this case &igger datasas used, witmeasurementsomthefour abovementioned
locationsinside the basin of Kremasta reservéiie goal again is to build a relationship
between the river flow and sediment dischargeQg), by using data from figl
measurementsf the four locations. This formula exporentialsuch as 4.2:

0i & 0
Themethodology followed here is the same as the first case witliffeeencethat in
this one, two differenformulas (therefore two curves d@-Qs) are built. Thdarge
dataset irthis caseled to the figuation d two different patterns between the values.
Thus, the construction of two different equations between Q and Qs, is considered as

the most effective wayto describe this wide range in vas. The whole procss of
constructing the formula is displayedibw, in theTable4.2-4:

Table 4.2-4: Flow and sediment load measuremen# ates of the watersheand

logarithms

Date Q (m¥/s) Qs (kg/s) In (Q) In (Qs)
22/9/1976 6,2 0,14 1,825 -1,966
14/6/1972 9,3 0,28 2,230 -1,273
716/1972 11,88 0,42 2,475 -0,868
7/12/1970 18,05 1,17 2,893 0,157
712/1972 18,25 0,54 2,904 -0,616
2/12/1970 24,32 2 3,191 0,693
24/2/1973 25,66 0,78 3,245 -0,248
16/6/1967 26,57 8,86 3,280 2,182
15/6/1968 31,26 3,09 3,442 1,128
26/2/1973 34,55 1,25 3,542 0,223
3/5/1972 36,61 2,36 3,600 0,859
3/6/1967 37,67 1,15 3,629 0,140
8/4/1967 41,34 1,34 3,722 0,293
24/2/1972 42,49 2,94 3,749 1,078
14/2/1972 42,52 1,11 3,750 0,104
24/3/1967 44,79 2,19 3,802 0,784
28/3/1967 46,27 1,56 3,834 0,445
29/5/1968 46,59 2,9 3,841 1,065
13/1/1969 4935 4,51 3,899 1,506
12/12/1969 50,08 2,82 3,914 1,037
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Date Q (m/s) Qs (kg/s) In (Q) In (Qs)
24/1/1969 50,16 5,17 3,915 1,643
10/4/1970 51,3 3,41 3,938 1,227
17/12/1969 55,95 2,95 4,024 1,082

9/5/1968 59,71 1,92 4,089 0,652
27/1/1970 6242 2,1 4,134 0,742
12/4/1983 65,15 1,28 4,177 0,247
24/5/1967 67,07 6,29 4,206 1,839
26/1/1970 67,83 3,4 4,217 1,224
29/1/1964 70 6,78 4,248 1,914
30/1/1964 73 10,37 4,290 2,339
27/1/1964 76 9,56 4,331 2,258
12/4/1967 78,66 8,08 4,365 2,089
26/1/1964 79 8,45 4,369 2,134
13/4/1970 79,97 10,17 4,382 2,319
13/4/1970 79,97 10,17 4,382 2,319
25/1/1964 80 6,72 4,382 1,905
25/1/1967 80,42 19,32 4,387 2,961
27/3/1968 82,86 5,58 4,417 1,719
22/1/1964 85 7,92 4,443 2,069
24/1/1964 85 6,79 4,443 1,915
31/1/1964 86 38,19 4,454 3,643
20/1/1969 86,13 13,9 4,456 2,609
23/1/1964 88 11,75 4,477 2,464
20/4/1967 88,97 16,41 4,488 2,798
15/4/1970 98,98 95,15 4,595 4,555

1/2/1964 101 25,46 4,615 3,237

21211964 101 33,8 4,615 3,520
29/4/1969 108,43 21,39 4,686 3,063
4/4/1968 109,34 14,83 4,694 2,697
7/11/1966 110,9 88,09 4,709 4,478
17/4/1967 113,05 31,53 4,728 3,451
4/6/1968 117,32 82,83 4,765 4,417
24/4/1969 141,27 71,8 4,951 4,274
13/4/1970 147,43 46,26 4,993 3,834
17/1/1969 162,18 72,09 5,089 4,278
17/12/1969 196,24 93,23 5,279 4,535
17/2/1964 205 190,39 5,323 5,249
28/2/1964 230 274,31 5,438 5,614
16/2/1964 352 581,02 5,864 6,365

1/3/1964 775 806,71 6,653 6,693
15/2/1964 800 3460,65 6,685 8,149

3/3/1964 1150 6585,65 7,048 8,793

2/3/1964 1780 12094,91 7,484 9,401
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Values of flow fom 6,285 (n¥/s) belong tothe first branch of the curve, whereas
values from 861.780 (n¥/s) belong to its second branch. This is done in order to
separate low from high values atidishave a more accurate appch.What follows

next is the constructioaf theformula that connects Q and Qs. Thusxinstep is the
calcuation of the parameters of the 2 equations by using functions in Microsoft Excel
environment:

1st Branch
Slope (b) Intercept Correhtion a O O T il XX
1,477 -4,620 0,871 0,010
2nd Branch .
Slog (b) Intercept  Correhtion a o Oi rinmp ™YY
2,099 -6,260 0,960 0,002

The graph below illustrates tielationship between flow and sediment load, occurred
from several measurements that took plackdifferent lo@ations inside the watershed.
Pants are sepatedinto low (blue) and high (orange) values, shaping 2 exponential
curves(Graph4.2-3):

Flow (Q) Sediment Load (Qs)
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Graph 4.2-3: Double logarithmic plot of: Flow (ffs) - Sediment Loadkg/s)

By generalizing andpplying this formulao the flow data presenteat Table4.1-1

from 1966 to 2008, the fluctuatiaf daily values of sediment load Qs (t/dat flovs

into the reservoir from Acheloos and its tributaries, for this specific time period is
revealed inGraph4.2-4 below.
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Timeseries of sediment Load (2nd case)
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Graph 4.2-4: Timeserieof sedimentyield flowing into the reservoir (1968008)

Table 4.2-5 below showsthe meanannual value of sediment yield flowing into
Kremasta reservoim tonsand in tons divided bthe aea of the watershed. These are
calculated byusingmeasurement data from 4 differdmnyidrometric stations inside the
watershed?2" case):

Table 4.2-5: Mean annual value of sediment yi¢fly)

1st Branch 2nd Branch
al= 0,00986| a2= 0,00191
bl= 1,47678| b2 = 2,09918
A (kn?) = 3.292| A (kn?) = 3.292
Sy(t) = 3654.937
Sy(t/km?) =1.110,2

In Graphs4.2-2 and4.2-4, an evidentand important feature thatin both £ and 2¢
casesome extremaver flow phenomena resut exceedingly higlvalues of seliment

yield flushing intothe reservoir in onelay. Consequentlythe meardaily value of
sediment yields forced to increase at a remarkable rate by these individual incidents
of extreme flows. As it coes to mingdthese extreme events comprisgitical part of

the mean annual figure of sedimerdlg that settles ito the reservoir.
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4.2.3 Comparisorwith Zarris (2019)study

The two cases examined reveal a significariecghce in terms of the resulted value of
sediment yield. More specifittp, the I casegave the value of 444,8 (t/Kjn while
the 290ne concluded on.110,2 (t/kn?) of annualksediment yield entering the reservoir
every year.lt would of course be intesting and meaningful tdisplay here the
equivalent value occurred lilge hydographic survey oZarriset al.(2001) whichis
1.005,6 (/km?). In addition, Zarris(2019) created also flow sediment load rating
curves using a simple regression method eoncludecbn 1.332 (t/km?) of predicted
mean annuaediment yield.

The I scenario utilizes data only from the hydrometric station of Kremasta near the
dam (great proximity to the study area), whereas the calculations of%tbas2 are
based on higger dataset from 4 stations assdahe watershed. Besides, in thtc2se

the process contains the figuration of two curves (two formulas) in order to describe
better the extreme valuesflow and sediment loadror these two reasongg conclude

that the outcome of th@" scenario ismore reliable andloser to the ral siuation
presented byhe hydrographic survey.

In Table 4.2-6 below there is a presentation and comparison between the -flow
sediment load rating curves Bérris (2019)tudyand thepresent thesis projeathile
theabovementioned values of sediment lgi¢Sy) are also appearing below.

Table 4.26: Comparison of the rating curves and the valugaedn annuadediment yield
between the two studies

Curve 1st Branch Curve 2nd Branch| Sy(t/km?)
1stCase Qs =0,000451 h - 444.8

2" Case Qs = 0000117 XX |va ' nl=fhn 1.110,2

Zarris (2019)
study

Qs = 0,00121 P P X - 1.332

It is evident that even sheirm flow - sediment load measurements ciescribe
sufficiently the actual situation and estimate accurately the sedinkmhethat was
measured by Zarrist al.(2001) hydrographic surveyMoreover, the ¥ case scenario

uses an enormously small dataset, so it is not suggested to be used for further. research
As opposed to thatpnsidering thathe 29 case dataset is mutarge andwas obtained

from several locations inside the watershed is safer and acotgate way to predict

the sediment yield

Lastly, the fact that the hydrographic survefyZarris et al. (2001) showed that the
annual measured sediment yield thates he reservoir of Kremasta iS0D5,6 (t/kn?),

is another indicator for the highrgximity and accuracy of thealues predicteth the

2" caseof rating curves method. More specifigalZarris et al. (2001) calculated that

in Acheloos sub catchmeatea (1733 knt) the mean annual sediment yiesdter 35
years of operations 1184,6(t/km?), for Agrafiotis area (320 kf) the same valuis
2.034,8 (t/kn?) and for Tavropos (239 knf) it is 489,4 (t/krf). Thus, the total value

for all the basin bKremasta(3.292 kn¥) is 1005,6 (t/knd). In the subject of sediment
transport these dispties are negligible because of the unpredictable nature of these
procedures.
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4.3 Comparisorof thefour methodologiesleveloped

After the calculation of sedimenieyd usng 4 different methodologieshe next step is
the estimatiorof sediment voluméSv) thatenters the reservoir through the yeiars
each one of themAt Table4.3-1 below, Total Sy is tl total sediment yield of the
watershed in tong, is a mean valuef density of the transferrexediment material, so
it is feasible to estimate the deaddimentvolume of the reservoir folong-term
operation period:

Table 4.3-1: Comparison of theesults of thel methodologies

S (tkm?) Total Sy | Annual Sv| 30-year 100-year Sv
®) (hm?) | Sv (hnd) | (hm?) *Predicta
RUSLE 2107 | 693.760| 0555 | 16.65 555
GlSand
SUSLE 127 418156 | 0335 | 10,05 33.46
Koutsoylannisi ;o5 6 | 1621.630 1297 38.9 1297
& Tarla
Rating curves| 1.110,2 | 3.654.780, 2,92 87,6 2924
Hydrographic | 15 5 3310435  2.65 795 264.8
suney

The rating curves methodologgncluded on 1.10,2 (t/kn?) of sediment yield entering
the reservoir every yeaA value that is remarkably close to the e@lént value
occurred byZarris et al. (2001) hydrographicsurvey which is 1.005,6 ¢km?), and
indicates the real situation inside the reservBinrthermore, the 10@ear dead
sediment volume predicted by the rating curves method is also closepedneed
sediment volume based on the hydrograghrvey.

The discrepancthoughin the resulted sediment yield among the four metlamdisin
compaison, with the hydrographic survelg attributed to the empirical factor of the
first three methodologiestThe RUSLE and Koutsoyiannis & Tarla (1987) metho
consist of a series of empirical equations and in combination Wationi (1975)
empiricalformula, the results often appear to have a major variance between them.
Moreover, the uncertainty and difficulto predictthe response of each soil type, land
use and solil loss protection technique to extreme climate phenasealdy leads to
anunderestimation of the sediment yielbr instance, &agos et al. (2015) research
made an estimation of 89% lower thtéae hydrographic surveyhis variancalerived
from the uncertainty in the computation off&&tor, becausef the different time step
used due to lack of frequigprecipitation datdvachaviolos, 2014)

The RUSLE method in the current study underestichéte sediment yieltdy 79%

while the GIS and BSLE methodoy 87%.Moreover this disparity among the results

is not attributed to ansnistakes in one ahe above methods am@chone of them is
well-structured. Nevertheless, the prediction of soil losgde a watershed can be an
exceedingly difficlt task This is evident considering that the initial design study for
Kremasta dam predicted that for a design period of 100 years of operation, 17,4 % of
the total storage capacity of the reservoir wouldehbgen filled up by the deposits
volume which would be784 (hnf) which is almost 300 % higher than the prediction of
Zarris et al. (2001) based on the hydrographic sutlvatywas264,8 (hn).
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5 Sedimenttransportanalysisin Kremasta reservoir

In order b perform a sediment transport analysislEC-RAS It is necessary to prepare
the inputgeometricdatafor the program. More specificallihe calculation otheflow

of eachriver thatcontributes to thetotal inflows of the reservoils meaningful and Wl
be useful for the following sediment transpanalysis in HECRAS. In addition,the
geometic data thawill be inputto HEGRASIs going to bgrepared in Civil 3D design
software Furthermoreflow and sediment data will be imped in the model taun the
reservoir sediment transport simulati@elow in Chapters.1 - 5.3 these procedures
are thoroughly described.

5.1 Calculation ofeachriver flow

At this pointand by having the dataset of ttag¢al daily inlets of the reservoir we can
calculate theflow of each one of thghree mainbasins (Acheloos, Agrafiotis,
TavroposMegdovas)that Kremasta basimcludes(Figure5.1-1). Due to the lack of
specific longtermmeasurements, thaaily waterflow of each rivetbasinis estimated
by usirg a simple hydrological methdzhsed on the area of each basamely

OXDOE O MU OEO DA (5.1-1)

where’Q p o, Ai: basin aregm?2) ando 0 ¢ Otdtal basin arefm?)

Legend
N e \ — rivers
b W reservoir
DEM
_ g Elevation
| ¢ > 2 High
: 2, - s Low
|Acheloos
Basin A Agrafiotis
N Basin

Tavropos

Figure 5.1-1: Digital Elevation Model (DEM) showinghe 3 different basins of the area
(Obtainedby Zarris, 2019)
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Below aredisplayed the percentagesavéa comprising the watershed of Kremasta:

1 Acheloosriver basin:dp p& 0 dQa anddpFd o6 ¢ 6 Oidw ¢ @

v &P

1 Agrafiotisriver basin:0¢ ¢ ¢ Q& ando¢ 700 € 0 G wx
ol b

1 TavropodTrikeriotisriver basin:6c  p& o QA andb6oTo 0 € 0 K&
o X @ O ypb

where6 0 € 0 ®aGp 06¢ 060 08 wdQa .

Consideringthe above, Acheloos accounts fooma than half of the total inlet that
enters the reservoir eaghar. Moreovergiventhe percentage of its basin ineweasy

to estimate the Iets attributed toeach riverusing the timeseries of the total inlets of
the reservoil(Table5.1-1). It is critical to divide the total inflows into thanflow of
eachriver becauséheywill be usedn further HEGCRAS calculations.

Table 5.1-1: Division of total inflowsinto flow of each river

Area: Atot?ngzgz A= 1733 (knf) | Ao=320 (ki) | K nﬁ22)39
Date Total Inflows | Acheloosinflow Agafiotis Tavropos
(m%s) (ms) Inflow (m%s) | Inflow (m?s)
10/1/1966 32.5 17.1 3.2 12.2
10/2/1966 24.9 13.1 2.4 9.4
10/3/1966 39.6 20.8 3.8 14.9
10/4/1966 43.0 22.6 4.2 16.2
10/5/1966 46.3 24.4 4.5 174
10/6/1966 42.2 22.2 4.1 15.8
10/7/1966 38.0 20.0 3.7 14.3
10/8/1966 17.7 9.3 1.7 6.7
10/9/1966 17.7 9.3 1.7 6.7
10/10/1966 38.8 20.4 3.8 14.6
10/11/1966 32.5 17.1 3.2 12.2
10/12/1966 10.8 5.7 1.0 4.1
10/13/1966 18.5 9.8 1.8 7.0
10/14/1966 23.6 12.4 2.3 8.9
10/15/1966 304 16.0 2.9 11.4
10/16/1966 304 160 2.9 11.4
10/17/1966 304 16.0 2.9 11.4
10/18/1966 304 16.0 2.9 11.4
10/19/1966 163.4 85.9 15.8 61.4
10/20/1966 81.8 43.0 7.9 30.8
10/21/1966 22.8 12.0 2.2 8.6
10/22/1966 23.9 12.6 2.3 9.0

*The providedtable is just a sample @ 42year datasebf inflows at Kremasta
reservoir The aim of its presentation is to observe hole total inflow dataset is
divided intothe runoffof each river (each basinJhe totd daily hydrograph is not
displayedn the present study due to its length, thougéttie main ananostnecessary
datasetor the completion of the current thesis.
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5.2 Preparation of geometric data usiiyil 3D modeling

5.2.1 Description

Civil 3D is an engineering design software used for a variety of construction and desig
projects. The envinment is quite similar to AutoCAD and is sim@ad usdul for
purposes such as roadway, railway, hydraulic design etc. Another main aetinty
placein Civil 3D 2019is the processing and design of surfaces, digital elevatidelso
(DEM) and bathyretry grids while it contains a useful series of tools gmdcedures
(Figuresb.2-1).

Figure 5.2-1: Civil 3D 2019 Interface

The usage of CiviBD is undoibtedly decisive and meaningful for the progress of this
project It is thesteppingstondor the tansition toHEC-RAS andan especially useful

tool that helg in the process of preparing the geoncetlatafor the HEGCRAS model

by creating crossections that show the bathymetry of the resefVhis 1D geometric
illustration ofthe bathymetry wilsubsequenthjbe exported to HERAS to perform a

1D sedimentransport simulationHence, the cross sectiod the initial bathymetry

will be nealed to observe how the bed of the reservoir changes throughout the years
due to sedimerdeposition

A LTI LRl =n dodet . N Er—
notate utput .
Aligrment + o Intesections + " Profl View & Move e Y Tim & o o ‘ B
. -~ o i

2 F & Make Coment
Yy b

Clipboard

Figure 5.2-2: Civil 3D 2019Homepanel

Figure 5.2-2 displaysthe toolbar of théomepanelin Civil 3D where there ia specific

tab called AProfil e & Sec the coentionorftleew®ss wh i

sections
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5.2.2 Geometricdata

The 1D sediment transport simudat inside the reseoir is a process that requires the
possession of geometric data, namely the initial bathymetry of the reservoir. This was
a challenging procedured after a thorough research and collaboration with professors
and researchers from NLT.A., the teammanagd to find a grid(mesh)of the intial
bathymetry(Figure5.2-3) beforethe beginning of the operation of the dam (1966).

Figure 5.2-3: Grid of the intial bathymetry of theeservoir (Civil 3D 2019)

Figure 5.2-4: i G6go Points (Civil 3D 2019)
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The bathymetrygrid mainly consistsof i Co g o oP o i Fni 138), bu¢ alsb some
ABIl ock Redneé fi @ o I¢ ¥ ®IIS8 @f them caotaining the geographical
coordinates (X, y, z) of each point.

5.2.3 Creation ofcrosssections

The goal of the Civil 3D usage is to cut and view criEsgions across the reservoir
For this purpose, it inecessary to define a main axagit goes through theservoir.
This will be thepurpleline presentedn Figure 5.25 which starts from the mouth of
Acheloos river and reaches the dam of Kremastavever, first step is the creation of
a surfacewhich includes all the features of thgiven grid fBlock refaences,
fiPolyline® and i C o Baintd that contain geographical coordinat¥ghat follows
nextis the design othe aforementionedxis whichin terms of Civil 3D software is
calledi Al i goh.me n't

Figure 52-5:A Al i gnment 0 and #ASampl e Li

The Figure5.2-5 above illustrates agnt of the bathymetrgrid with thegeometric
characteristics created in Civil 3D 2019. More specifically, it shows$iatignmend
(Purple color),t h 8&amfle Lines (White color) andiSurface Boundaxy(Yellow

color). The cross sections begin from tipstreanof the reservis (mouth of Acheloos)

and finish right upstream of Kremasta dam following the designed alignment as shown
in Figures5.2-6 and 5.27 which is 39,2km) long
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Figure 5.2-7: The end of the alignment just upstream of the ¢@iwvil 3D 2019)

The alignment here is designed by hand and follows a path so that the saepldlli
not betangent with each othefhe cuttingand creatiorof the cross sections made
byclickingthe A Sampl e Lined command and selecting

Next step is to choose tohceeatefiaBgyouproficnogse of s
sections and thettefine the distance between the cross sections which will b@)00
Afterthatandinaer t o view the cross sections we p
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tool and the results are displayiedFigures5.2-8 and5.2-9. Whatis shownbelow is
the bed geometry of the reservoir on the year 1966.

L@l -RBAA S teuwRE O

Figure 5.2-8: Cross section at 14.8 km from the beginnifthe alignment (Civil 3D 2019)

Figure 5.2-9: Cross section at 10.8 km from the beginning ofalignment (Civil 3D 2019)

Finally, the prepared geaetry is a Civil 3D shpefile that contains all the cross sections

and is exported to HERAS by wusing the HAExport to

AOut puto tab.
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5.3Theordical background oHEC-RAS

5.3.1 General

The study for the sediment transport analysis in Krémr@servoir is cared out using
the hydraulic prograllEC-RAS, which was composed hy.S. Corpsof Engineers
HydrologicEngineeringCenter Theversionusedhereis HEC-RAS 5.0.7andprovides
the camability to calculate thewater surface under anedimensional steady or
unsteady, noruniform flow in natural or artificial channelgith fixed riverbed. ltuses
the 1D conservation ofenergy principle as the basic computationalprocessfor the
simulation of the flow in a rive(Dedousis, 19909 Hydraulic modelsare generally
dividedinto onedimensionaltwo-dimensionalandthreedimensionahccording to the
dimension of the vectors of the calculated hydraulic charigtcs.

Onedimensional models usually use the Manning equation and the solution of the
model involves caldating the average flow depth and average velocity perpendicular
to the cross section of the river which is evenly distribuneithe cross sedbn (orin

part9 with a commoririction coefficient Based on the topography of the arimwe

flood map is prodced, with flood areas those with lower altitudes than that of the
calculated free water surface.

The twadimensional models attempt to simulfiteod phenanena in the dimensions
of length and width. The flow depth is estimated at geeht of the study r@a and the
calculation of the flowvelocity distribution intwo dimensionswith the flow of the
river andin the transvers direction

Threedimensional models are used in more complex hydraulic applications such as in
cases where theertical velocity is significant -hydraulic jumps analysesspillway
design, etc. These modelsaw®mplex computationdbrmulas andachiee the most
accuate flowcalculation(Oikonomou, 2018

The estimationof the waterlevel canbe held for supercriical, subcritical orcritical
flow. The analysisfor a subcriticalflow is held from the downstreanto the upstream
while for the supercritical is thepposite HEC-RAS hasthe capability to controlthe
situationof the flow basedon Froudenumberandto simulate casesvherethere is a
change of the flow situation (such as a hydraulic jump). Duhegalculationst can
simulateseveralhydraulic structuresand obsticlesalong the river suchas bridges
culverts, and levees.Moreover thereis a capabiliy to define different Mannings
valuesfor the main riverbedandthe floodplains calculatingseparately the flow for
each part of therosssection and finally estiate the total flow as a sum of the several
flows.

In order to achieve a complete superisof the process @hlculating the level of the
freewatersurface and the correct evaluation of the results, an extensive presentation of
the theoretical backgrow of the hydraulic program gisplayed belowwith special
emphasis on the basic hydraudiquations that itabves and the assumptions on which

it is basedunder permanent and ng@ermanent flow treatmen{Bedousis, 1999
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5.3.2 Steadyflow

HEC-RAS determes the elevation levels of surface runoff at selected points (cross
sections) under certaiflow conditions. Gemetric data of crossections as welas

flow data (boundary conditions) are required as input elements. The flow state is
controlled accordingo the Froude numbebased on whichcasesvherealternations

of flow states occyiare &amined Thewater suface levels determined for subcritad,
supercritical or mixed flow.

Solving the equation of energy in edamensional analysis, HERAS catulates in
conditions ofsteadyflow the water surfacesuccessively from cross section t@ss
section with aapetitive process which is based on five steps as described:below

(1) Initially, the flow surfacdevel (WS) is assumed at the stperamcrosssection
(i) Flow and kinetic energy height are calculated.

(iii) Friction losses and tat energy losses aoalculated.

(iv) The energy equation is solved.

(v) The initial case of the flow surface heighitompared téhe calculated value.

Steps (i)to (v) are repeatedntil the two valuesare equal with a predetermined
tolerance (defativalue Q003 m). Inthe first attempt, the choice of the initial estimate
of thewatersurface level is obtained from the flow depth of the previous -s®stson
after adapting to #hflow depth of the examined cressction. In the second iteration,
thelevel is selected eml to the initially selected level plus 70% of the error of the first
attempt. From the third repetition onwards, fisecand methais followed.Basically,

the difference between the calculated and the assumed level of the twougrevi
repetitions is réuced by reducing the initial level B¥%0% from the previousepetition

Up to 20 repetitions are performed and if the required convergence is not acthemed,
the critical depth is used in the examined cross se@®@ielow there is presentation of
the theory behind the simulations and calculations of HEAS.

Calculation of water surface

In addition to the assumption of cdemensional flow analysjsthe application
considers alopeof less than 1:10. The basic hydraulic &ipn solved by HEEGRAS

is theconservation oénergyprinciple between two successive cross sections which is
formulated as:

O © — O O — M (5.31)
where

Z1, Z> are theiverbed altitudes invto successive crosections 1 and2,
31, 3. are thewater depth# two successive crosections 1 and,?2
UL , (2 arecorredion factors of the kinetic energy

V1, V2 arethemeanflow velocities in crossections 1 and 2 (@},

g is the gravitationadcceleration

heis the total energy loss
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Figure 5.3-1: Open channel flow (Obtained IBedousis, 1999)
The Figure 5.3 aboe presents the characteristic sizes of an open channel flow.

The total amount of energy losses between two cross sectidrarinear losses-
losses due to fricticrwhich are calculated dke productthe slopeof the piezometric
line and the lendt of the examined section andamount of local lossefosses due to
narrowing and wideningaccording taelationship:

@ o P o (5.32)

M 0 YQoOo c 0 )

where

L is the meardistance between two successive cross secltiamsl 2

"Y' theslope of the piezometric line

Cislocal energy losses coefficient (0,1 or 0,3),

QS oy
¢Q ¢Q

2 due to flow velocity.

Sis the variation of hydrostatic pressure between cross sections 1 and

With this methodology it is possible to handle various hydraulic problems such as
hydraulic jumps, estimation of altitude hydraulprofiles of channelsand the
determination of the effects of various constructions such as bridges etc

The weighted averaglistance(L) betweertwo successiverosssectionds calculated
according to théollowing equation

0 (5.3-3)
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where0 ,0 ,0 arethe distancebetween two successive from sections for the

left, main and right part ohe channel and , arethe mean flowdgor
the same parts of the cross section.

Calculation of flow capacity of the channel

The calculation oftteflow capacity of the channaind hydraulideaturesof the cross

sectionis basedn its subdivision into urstin which speed can considered uniformly

distributed. The technique used by HB®S is the subdivision of the cross section in

the central riverbed and in the floodplains through changing the Manmsmghness

factar (Figure5.3-2). The totalflow is the sum of the individualow of each section
According to Manningdés equation the flow i

~

6 0 W0 L 5 v7 (5.34), (5.35)
where

¥ is the flow capacity

Sfis the slope of the piezometric line

n is the Manmnooeficgrs roughness
A is the area of the wetd part of the cross sectipn

R is the hydaulic radiugarea /wettedperimeterP).

The sectionsin which the crosssectionis divided are consideredto have evenly
distributed velocities.

Figure5322Subdi vi si on of c¢cross section into sect
(Obtained by Dedousj 1999)

In casethatin the severalsectionsthereis a different roughnessoefficient, then the
following equation is used to estimate an equivalent roughness coeffidehbusis,
1999)

£ — (5.36)
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where

ncis theMa n n i eguvalentroughnessgoefficient,

Nis thewetted perimeter of the cross section,

N is the weted perimeter of the part of the cross sectipn

ni is the roughness coefficient of the i part of the cross section.

Calculation of the mean height of kinetic energy

In order to estimate the local energy loss in two successive cross sections, the mean

kinetic energy needs to be calculated for each part of the cross section as shown in

Figure 5.33. In everycrosssectiononly onewatersurfacelevel andonemeanheight

of kinetic energyare calculated because HERAS only solves the ordimensional

flow case. Consequentlfor a fixed waterlevel the meanheightof kinetic energy is

the average of eac(@kmmanou 2083n6s ki netic ener

V, = mean velocity for subarea 1

V, = mean velocity for subarea 2

Figure 5.3-3: Estimation of mean kinetic energ®btained by Dedousis, 1999)

Thefad coef ficient must be calculatedt so that
canbe calculatedbasedon the flow capacityof eachsectionof the chamel (Equation

5.37) (mainriverbed and floodplaing)r the flow capacity and the wet area of the

cross sectioEquation5.3-8):

[

W (5.37)

) (5.3-8)
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where

| tis the total wakedarea of the cross section

] lob, Ach, Arob are the wted areas of left part, the main channel and right part
accordingly

Kt is the total flow capacity

Kiob, Kch, Krob are the flow capacities of left part, theain channel and rig part
accordingly

Calculation of the critical depth
Thecalculationof thecritical depthis aheldthrougharepetitiveapplicationof thetotal
energyrelationshipfor eachcrosssectionwhich can be done by two possilbiethods:
the Aparabdboband mbeé hidde paabdicmetd(fasteidridis T h e
the defaultof the progran) gives thechanceto calculate only one minimum value in
the energy curve. Thetal energyheightis asfollows:

oo’

0 oY T (5.3-9)

where

WS is thewatersurfaceevel|,

— is the kinetic energy

The critical depth (WScrit) is the water surface levelfor which the total energyis
minimumasindicatedin Figure 5.24 below

r
Water surface ) 4
level WS ;'L:*"’
A/
o
‘,' 1
# .‘I—l ?
WS 2 4
Homin Total energy height H

Figure 5.3-4: Variation of total energy depending on the water level
(Obtained by Oikonomou, 2013)
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Application of the conservation of momentum principle

In casesvhenthe conservationof energy principle cannotbe appliedsuchasabrupt
changen slope bridgenarrowing falling channelor in channejunction etc, then the
principle of conservation of momentuaccelerator principle) can lagplied(requires
gradually changing flow stateas follows:

~

0 0 o O 0" ww (5.310)
where

P is the hydrostatigpressuren two successive cross sectiband2,

Wx is theforcefrom the weightof waterin x direction,

Ff is theforcedueto externalfriction energylosseqlinear lossesfrom cross section
2t01,

Qs the water flow,

} is the density of water

QX is thedifferentiationof flow velocitiesfrom crosssection 2 to 1 in x direction

Figure 5.3-5: Presentation of the terms of tbenservation of momentusgudion
(Obtained byDedousis, 1999

The terms of thequation are presented in Figure-5.8boveand their formulas are
displayed below

A. More specifically the hydrostatic pressure is defined as follows:
0 T 0 & Q&+ (5.311)
where

P isthe hydrostatic pressure
2is the specifigravity of watey
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A is the wetted surface area of the cross section
wis the depth from the water surface to the center of gravity

B. The weight of water in x directiofWwx) between the cross sections 1 arnid: 2
ww [ —— 0 "YE (5.312)
where
2is the specific gravity of water
Ai is the wetted surface area of each cross section

L is the distance between cross sections 1 and 2,
So is the slope of the riverbed.

C. The force due to e@grnal friction (Ff) is:
oQ t 00 (5.313)
where

0 is the mean wetted perimeter between cross sections 1 and 2,
L is the distance between cross sections 1 and 2,
Uis the shearing stress.

D. The differentiation of velocity from cross sien 2 to 1(qV/X) is:
wow T o T w (5.314)
where

b is the correction coefficient of the velocity distribution and V are the flow
velocities.

Finally, the conservation of energguationis the following:
— 0 ® —— 0%Y¢ — 0 VYQ— 0p @ (5315

Calculation of linear losses due tofriction)

Thelinearlossesare calculatedasthe productof the slope of piezmetric line Sf and
the length L of the examined sectidmeslopeis calculatedromMa n n i equatios
asfollows:

YQ - (5.3-16)

The programhasthe capabilityto useotherrelationshipsaswell for the computation
of the meanslope of the piezometricline. The prevalentof all theseequationsis
presentedbelow.

YQ — — (5.317)

80



Calculation of losses due to changes in geometry
The lossesdue to changesin the geomet of the channekuch as narrowing and
widening spots are computed by HERAS as follows

(RN (5.318)

wherec is thecoefficientofn ar r owi ng or wi dening of the

HEC-RAS fiunderstandsthatthereis anarrowingin geometrywhenthekineticenergy
load onthe downstream cross section is higher than the one apsteeam (Y>V1).

Correspondinglywhenthe kinetic energyis higheron the upstreamthen HEC-RAS
fiperceived this as a widening of the channel

All the theoretical hydraulic principles, relationships, and explanations above were
obtained from Dedousis (29) and Oikonomou (2013) studies and describe the
theoretical background of HERAS 5.0.7. Of course, ththeoretical framework does

not display all the functions or equations of HRBS 5.0.7, but the basic ones.

Initial conditions - Boundary conditions - Flow data

Thewatersurfacdevelis requiredto beinputin HEC-RAS asa boundaryconditionto
start the simulation In subcritical flow, the boundarycondition is defined on the
downstream, while in supercritical on the upstreanmied flow theyareinput both
upstreamand downstream. Therare four typesof boundaryconditionsthat can be
inputin the program:

1 TheWaterSurface in this typeof condition the water surface level for each
profile should be input.

1 TheCritical Depth in this typeof condition the program calculates thatical
depth and uses it as boundary condition eMivainformation is needed

1 The Normal Depth in this type of condition, the value for the slope of the
energy grade line should be inputarder to calculate the normal depth in this
position.Generally, the energy grade line is approached as the mean slope of
theriverbed.

1 RatingCurve in this type of condition, curves between the flow and the water
surface are input for every profile.

If there are no data for the water surface lehelnwe canassume it or put the critical

or normal depth instead. The assumpf a water surface level includes an error rate,

SO it is necessary to import extra cross sectiorthe programIn case of gbcritical

flow, the extra cross sections are added on the downstream, in supercritical flow on the
upstream and in mixed floan bothupstream and downstream of the rivEne flow

datais substantiato beimportedfor eachcrosssectionin orderto calculatethe profile

of the water surface. Thevalue of flow given on the upstreamof the river, remains
stableunlessalateralflow is addedn another cross sectigRaresidou and Plitsi, 2005)
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5.3.3 Unsteady flow
Thephysicallawsthatrule theflow in ariver are:

1. The conservation of mass principle,

2. The conservation of momentum principle
Thesdawsaremathematicallyexpressedisingpartly differentialequationsandmore
specifically the continuity and momentum equations that wilhisntioned further
below.

Continuity equation

Theflow andthewettedareaaresymbolizedasQ (x, t)and) x accordingly Thetotal

wetted areaAx is thesumof theeffectiveareaA andthefloodplainS. According to the
conservation of masgrinciple, the change in mass per time unit inside the control
volume equals to the total net mass inflow from the area Ax that surrounds the control
volume.

Assumingthatgx hasalow value thechange in mass inside the control voluse

~ ~
Q

R —won 0 — — 0 — — D0i (5.319)
where
0 — — isthe percentage of water inlet
0 — — isthe @ercentage of water outlet

 is the density of the fluid

— W ois the percentage of control volume change

0 iis the lateral inflow on the control volume
Application of the conservation of momentum principle

The principle of conservatiomf momentumi s expr es s e d9ldwyas Newt on 6
follows:

B'O® — (5.3-20)

According to the conservatiomof momentumtheory, the sum of the externalforces
exertedon thefluid, whichin time momentt takesthe aforementionedortrol volume

equalsto the changeof quantity of motion (per unit time) inside the control volume
minusthe netinlet of quantityof motionthatentersthe controlvolumefrom Ax area
Thatis avectorequationappliedin x direction Threekindsof forceswill beexamined
here (A) Pressure force) Gravity forceqC) Friction forces

A. Pressure forces
"On Q0 — 0w (5.321)

where
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"0n) is the net pressure force in the control volume
} is the density of the fluid

g is the gravitational acceleratipn

A is thearea of the cross section

— W Ois the percentage bieight differentiation inside the control volume
B. Gravity forces

Q" QN — w (5.322)

where

"0"@s the negravity force in the control volume
} is the density of the fluid

g is thegravitational acceleration

A is the area of the cross section

Zo is thebed lifting,

— W ois the percentage bied liftinginside the control volume

C. Friction forces
0Q " Q0 Yo (5.323)
where

"O"x the friction force in the control volume,
} isthe density of the fluid,

g is the gravitational acceleration,

A is the area of the cross section,

“Y"@ the friction due to slope and is positive for the x axis and is defined as
follows:

Y'Q h§—57 (5.324)
where

R is the hydraulic radius
n is the Manningbés coefficient.

The final form of the conservation of momentequation is as follows:
— — Q0 — YQ m (5.325)

Initial conditions - Boundary conditions- Flow data
Boundaryconditionscanbesimulatedn all thefree openingsof theriver environment
For the case of an unsteady flow simulation, ghaegramallows the input of all the
following typesof boundaryconditions at the upstream boundary of the river:
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1. Flow Hydrograph

2. Stage Hydrograph

3. StagéFlow Hydrograph

The downstreamboundary conditionsthat can be input duringn unsteady flow
simulationare the following:

1. Flow-StageRating Curve
2.NormalDepth(Manninggs e quat i on
3. Flow Hydrograph

4. StageHydrograph

5. StagéFlow Hydrograph

Moreover thereis a possibility to import boundaryconditionssuchas lateralinflow
hydrographandgroundwateinterflow, in intermediatdocations(crosssection$. The
initial flow conditionscanbeinputwith two possiblevays Thefirst andmostcommon

is to inputtheflow datafor eachriver andthentheprogramcalculategshewatersurface

in steadyflow conditions. Thesecondmethodis appliedby settingasinitial conditions
the results(flow and depth) from a previous run of the program (Dedousis, 1999
Paresidou and Plitsi, 200&ikonomou, 2013).

5.3.4 Quastunsteady flow

The quasunsteady modeling is a more stable procd#sm the unsteady flow
simulation Furthermoreunsteady flow modeling usually requergpecialized expertise
from the userUnsteady models can be unstable, and often require skillful trouble
shooting by an experienced practitionaforth mentioning is lao that novable cross
sections add an additional degree of freedom which can exaxetahility issueand
hence in most cases, the quasisteady assumption is easier to (Géson et al.,
2017) Another fact is thaguastunsteadysimulationscan befaster under certain
circumstancesThe unsteady flow analysis solves each time dgppfieantly faster
than the quasinsteady Neverthelessthe variable time step available in quasi
unsteady flow, which focuses computational time on periods of maxibad change,
can make quasinsteady simulations more efficient for long term runsréfore, in
some systems, with minor storage, errors introduced by the-gusteiady simlation
may be acceptablas they argustified bythe simplerandfaster solution (Gibson et
al., 2017)

Boundary conditions - Flow data

For the case of guastunstady flow simulation, thprogramallowstheinputof a flow
seriesas an upstrearnoundary conditior{at the firstriver station). The downstream
boundaryconditionsthat can be inpuin a quasiunsteady flow simulatiormare the
following: 1) Flow-StageRating Curve, 2) NormalDepth 3) Stage Series

Thereis a possibility alsoto import boundaryconditionssuchasL ateralFlow Series,
Internal Stage B@nd Uniform Lateral Flovin intermediatdocations(crosssection$.
Moreover, in a quasinsteady simuteon the computational increment should be
defined (it is the time step of the calculations) along with the flow duration which
indicates the duratioaf each one of the flow values. Finallyjs necessary to set the
temperature seridsr the whole pend of the simulation.
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5.4 Application of HEGRAS

5.4.1 General

The US Army Corps of Engineersodo (USACE)
recently released version 5.0 of their River Analysis System (HREAS) in 2016
(USACE, 2016). HEERAS 5.0 included a varietyf diydraulic and water quality
advances over previous versions, most notably adiwensional hydrodynamic
model HECRAS version 5.0 also included several important sediment transport
development¢Gibson et al., 2017)

HEC-RAS firg included 1D sedimentansport computations in version 4Giljson et
al., 2006). The original capabilities cpoted sediment continuity over cressction
centered control volumes with the Exner equation. Versions 4.0 andedlawjuasi
unsteady hydrodynamic model and coteglthe crossectional bed change using the
iveneer . Theevenear chethod appliesosion and deposition evenly over all
wet cross section nodes between tsgercified movable bed limits. These earlier
versions also included bed mixing algorithms atiter physical and empirical limiters
to constrain the theoretical continuity equationthwipractical, morphological,
limitations (Gibson et al., 2017).

HEC-RAS 5.0 expandeds capabilities The two most mportant developmentasre
firstly the capability to perform asediment transpognalysis using annsteady flow
model andsecondly the pasbility to add lateral bank failure and toe scour capabilities
by coupling the vertical bed change model with théDBSARS Bank Scour and Toe
Erosion Model (BSTEM)The new versionalso include severalew featuresuch as

the Copeland (1992) bed mixiagd armoring algorithm, bed roughness predictors, and
Specific Gage Analysis capabiliti€Sibson et al., 2017All these new capabilities of
HEC-RAS can not only beised for a river sediment transport analysis but also for
reservoir sediment modeling peesented in the current study.

The interface of HEERAS 5.0.7(the version thats used for the present thésis
displayed below ifrigure 5.41. More specificlly, the project file and all the types of
files imported to the project are shown, along with a series of icons on the toolbar
concerning data input and edit, t#ferent simulations that can be performaad
several data and output vieyptions.The unt system was set to S.I. Units.

HEC-RAS 5.0.7 - W
File Edit Run View Options GISTools Help
3(8] Y| 6| 9l A[4H]x]E #f A HAC | PlBlEEk  Fl
Project: kremasta (C: \Users\Markos\Desktop\hecarxeiakrem. prj g
Flan: FLAN_A C: Wsers\Markos\Desktopthecarxeialkrem. p03
Geometry: Geometry_new (C: Wsers\Markos\Desktop\hecarxeialkrem. g0 1
Steady Flow: | |
Quasi Unsteady: UASI 2 KC: Wsers\Markos\Desktop\hecarxeialkrem.q02
Unsteady Flow: | |
Sediment: SEDIMENT (C: Wsers\Markos\Desktop\hecarxeialkrem.s02
Description : | J |51 Units

Figure 5.4-1: The interface of HEGRAS (home pagp(HEC-RAS 5.0.7)
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5.4.2 Inputdata

The input data consist of the geometric, quasteady flow and sediment daih
Acheloos riverAcheloos is the river that will be examined due to its magnitoidine
dam.The process of importing all thesatd is described thoroughly further below.

5.4.2.1 Geometric data

The present study focuses on @medimensionabnalysis of sediment transportiohs
Kremasta reservoir. As it was mentioned above, the rivetsitiflaw inside the
reservoir are Acheloos, Agiafis and Tavropos/Megdovas. The flow of Acheloos
comprises roughly 50% of the totaflows that enter the reservavery yearhence it
is the main source of water and a critical supplier of sedimethéareservoir. Bearing
this in mind and in ordeio simplify the analysis (by avoiding thenction of two or
axes which would be difficult to process in the current study) Acheloos richogen
as the main axis (channel) to examine and build the gepmiethe reservoir around
it. The same conceptas used in Civil 3D when for the preparatmfithe geometric
datawas required to define a main alignment (axis) and this was Acheloos river.

The AView/ Edit geometri c dampartthegeoroetric on t he
dataand next the buttond Fi | e 0, Al mpordndGef@Gle$ aelf o Drad ta®d
pressed arow to import the GEO file prepared in Civil Bldring this process iits

critical toinvert the river stations because in Civil 3D they ace viersaThe geometric

data (Figure 5.42) for this study consists dhe axis of Acheloos river, which is 39,2

(km) long, andL09 cross sections acrdbss river,some ofwhich werefbuiltoin Civil

3D and others interpolated in HERAS to fill some gemetric gaps. The tool of ass

section pointsfter ( f r om t h e isfuseaimdoreedcrogs aestipns to reduce the

points per XS (cross sectiofthe limit is 500 pointsbecause somef them are very

wide. As it is mentioned, Kremasta is the biggesservoir in Greece, shisfilter was

neededn locations where the reservoiragtremelywide andthe cross sectionhad to

cover all this width in order to describe accurately the reservoir

“{ Geometric Data - Geometry_new - X

File Edit Options View Tables Tools GISTocls Help
e 2DF Ll A A A B W .
Tools. ;:::Erh pl il e R hzllnmrn: ;;n‘yopn RS m Description : Plot WS extents for Profile:
o, = D € DigEgey | | e 0P| <0 [ o [frane) |
s
JIIHOT TH3%200 -~

211?0'020500 iy
4000 2180007y 1000 0+
5

2}1&]‘}9 15300

| |
Figure 5.4-2: Geometric dat& Acheloos river and css section$HEC-RAS 5.0.7)
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Below in Figures.4-3 and 5.44, two cross sections amresented as a sample (filled
with water becausethe simulation has already runYhe first one has a width of
approximately 2 (km), while the second aseroughly 200 i) wide indicating the
width variations of the reservoir which dams lots of narny passages.

kremasta Plan: PLAN_A  6/17/2020

03
1 Legend

WS 010ct1966 1000
EG 010ct1966 1000
- e
Ground
+

Bank Sta

240

Elevation (m)

0 500 1000 1500 2000
Station (m)

Figure 5.4-3: Cross section in rivestation 2800 (M(HEC-RAS 5.0.7)

kremasta Plan: PLAN_A  6/17/2020
3 |
|
280 Legend
WS 010ct1966 1000
EG 010ct1566 1000
e
280 Grn.und
Bank Sta
270
. 260
£
=
S
®
2
H
frr
250
240
230
220
0 250
Station (m}

Figure 5.4-4: Cross section in river statior2200 (m)(HEC-RAS 5.0.7)
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Using the nEainkaesroughpesdaluasdre defined as,03 for all

the cross sdions andiverbanks avaluethat occurs from Zars et al. (2001) and other
international literature (Figusé.4-5 and 5.46). Moreover,f r om t h etabthd a b |
reach lengths (distance among cross sectianes@jenerallyset at 400 (m) due to the
large reservej exceptfrom the locations where antérpolation was required, and the

reach lengths are lower

Edit Manning's n or k Values
River: IM vl il g [ Edit Interpolated XS's Channell r;Values have
a light areen
Reach: Iaxonas_ar.:heloou ;I IAII Regions LI b;gdcggound
Selected Area Edit Options
Ir Add Constant ... | Multiply Factor ... | SetValues... | Replace ... | ReducetolLChR... |
River Station Frcn (0 | n #1 | n #2 | n #£3
1{39200 n 0.03 0.03 0.03
2| 358800 n 0.03 0.03 0.03
3| 38400 n 0.03 0.03 0.03
4| 33000 n 0.03 0,03 0.03
5137600 n 0.03 0.03 0.03
637200 n 0.03 0.03 0.03
7| 30800 n 0.03 0.03 0.03
8| 30400 n 0.03 0.03 0.03
9| 36000 n 0.03 0.03 0.03
1035600 n 0.03 0.03 0.03
11| 35200 n 0.03 0,03 0.03
12| 34800 n 0.03 0.03 0.03
13| 34400 n 0.03 0.03 0.03
14| 34000 n 0.03 0.03 0.03
15(33600 n 0.03 0.03 0.03
16(33200 n 0.03 0.03 0.03
17(32800 n 0.03 0.03 0.03
13(32400 n 0.03 0.03 0.03
19| 32000 n 0.03 0.03 0.03
20131600 n 0.03 0.03 0.03
21131200 n 0.03 0.03 0.03
2230400 n 0.03 0.03 0.03
23| 30000 n 0.03 0.03 0.03
241 29600 n .03 .03 n.n3
QK | Cancel | Help |

Figure5.45:Manni n g 0 s nfaconfHEG-RASS.6.7)

= Cross Section Data - Geometry_new — O *
Exit Edit Options Plot Help
River: Iad"leloos 'l apply Data | R I\_‘J + nl Plot Options | Keep Prev %5 Plots  Clear Prev | ¥ Plot Terrain (if available)
Reach: Iaxonas_acheloou ;I River 513.:|1600 ;I ﬂ kremasta Plan: PLAN_& 8&/M7/2020
Description |
p | J - 03 |
Del Row | Ins Row | Downstream Reach Lengths Legend
C T — LOB Channel ROB . WS 010et1288 1000
Station Hevaton | =| Ja00. Ja00. Ja00. EG 010ct1388 1000
1o 294.077 ? 260 Ground
_2|0.136 293.353 LOB Channel ROB Bank Sta
_3(5.842 289.93 E] |E] |E] - 0
420,001 281.333 £
_5|29.158 276.356 g =
_6|36.599 272.216 &
_7]|45.778 267.481 200
8|s0.84m1 264.535 ?
__9{50.951 264.477 Contraction Expansion e
10|s5.321 262.259 fo.1 3
11]53.877 260,437 180
12|65.24 257.141 -
! —I 140
[} 100 200 300 400 500
I Station {m}
Enter to move to next upstream river station location

Figure 5.4-6: Reach lengths amather characteristics of the cross section (HELS 5.0.7)
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5.4.2.2 Flow data

Theperformance of a ondimensond sediment transport simulation can be carried out
either usingquastunsteadyor unsteady flow data. Quasnsteady modeling a more
stable processnd can be faster under certain circumstancé® Uinsteady flow
analysis solves each time step sigaitly faster than the quasinsteady.
Nevertheless, the variable time step available in quasieady flow, which focuses
computational time on periods maximum bed change, can make gquasteady
simulations more efficient for long term runs. (Gibsdl., 2017). Keeping these in
mind, quasiunsteady modelings chosen for the present study

More specifically, the boundary conditions for the quasisteady flow dataset included

a daily flow seres for the upstream boundary (first cross section)gandrthly stage

series for the downstream boundary (last cross seclite)flow series are the daily
inflows of Acheloos river, while the stage series are the wetet of the reservoir. In
addition, lateral flow seriesre added in two cross sect®f10.800 m and 00 m)

which are the locations where the rivers Agrafiotis and Tavropos meet the main channel
of Acheloosinside the reservairEach river flow dataset was calculated above in
Chapter 5lL. All these data are available thanks to the Harmdrterm work and
measurements of scientists and professors from the National Technical University of
Athens and theublic PowerCorporation of Greece. The Figure &.belowshows the
guastunsteady flav editor in HEGRAS environment.

-4 Quasi Unsteady Flow Editor — >

File Help

Boundary Condition Types

Flow Series | Lateral Flow Series | Uniform Lateral Flow |
Mormal Depth | Stage Series | Rating Curve |
T.5. Gate Openings | Internal Stage BC |

Delete Current Row |

River Reach RS Boundary Condition Type
1 |acheloos axonas_acheloou | 39200 Flow Series
2 |achelons axonas_acheloou | 400 Stage Series
3 |achelons axonas_acheloou | 10800 Lateral Flow Series
4 |achelons axonas_acheloou |<4000 Lateral Flow Series

Set Temperature ... | Histograph Generatar. .. |

Figure 5.4-7: Quas-unsteady flow edito(HEC-RAS 5.0.7)
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Figure 5.48 below indicate the flow series where a fixed start datehich is
01/10/1966 and is the beginning of the simulatioas been defined, along withet
flow duration which is 24 hours according tioe available daily flow series The
computationalncrement is the time step thfe calculations ang defined as 24 hours
for flow from 0,01 to 500 (i#is), and 1 hour for flow higher than 500%(s) to avad
errors during the rurMore specificallywhen tlerearelarge amounts of sediment on

a single cross section and the progt@uomes unstable, the solution is to decrease the
computation increment for higialues offlow because some cross sections cann
handle the largeediment loaddn that case theun might be slower, but it will also be
more accurate.

Flow Series for ACHELOOS axonas_acheloou 39200

Select/Enter the Data's Starting Time Reference

(" Use Simulation Time: Date: [010CT1966 Time: [10:00
{* Fixed Start Time: Date: |010CT1966 Time: |10:00
Mo. Ordinates | Interpolate Values | Del Row | Ins Row |
Simulation Elapsed Flow Computation s
Time Time Duration Increment Flow
{(hours) {(hours) (hours) (m3/=)
1 010ct1966 1000 |24 24 24 i7.1
2 020ct1966 1000 |48 24 24 13.1
3 030ct1966 1000 |72 24 24 20.8
4 040ct1966 1000 |96 24 24 22.6
5 050ct1966 1000 | 120 24 24 24.4
& 060ct1966 1000 | 144 24 24 22.2
7 070ct1966 1000 | 168 24 24 20
8 080ct1966 1000 | 192 24 24 9.3
9 090ct1966 1000 | 216 24 24 9.3
10 100ct1966 1000 |240 24 24 20.4
i1 110ct1966 1000 | 264 24 24 i7.1
12 120ct1966 1000 | 238 24 24 57
13 130ct1966 1000 | 312 24 24 Q.Bj

[ Compute computation increments based on flow

Qlow | ohigh | CI -
1] 0.01 500 24
2] 500 10000 1
3]
4
3]
8]
7 |

oK | Cancel |

Figure 5.4-8: Setting of flow series dat#ddlEC-RAS 5.0.7)

The lateral flow series for Agrafiotis and Tavropos rivers contaithe same
charactestics (except from the flowshdare determined inhesane way. Now irthe
stageseries(Figure 5.4-9) the stage duratioms defined as 730 hours because as
mentioned earlier, the stage datamonthly. Additionally another mandatory feature

to detemine is the temperature of the area whishset &1 6CAthe mean annual
temperature cKremastd. The number of coordinates for the flow and temperature data
is 15.422, while for the stage series508 to cover all the dataset.
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Stage Series for acheloos axonas_acheloou 400
Select/Enter the Data's Starting Time Reference

i Date: 10CT 1966 Time: 10:00
{* Fixed Start Time: Date: |010CT1966 Time: |10:00

Mo. Ordinates | Interpolate Values | Del Row | Ins Row |
Simulation Elapsed Stage
Time Time Duration Stage
(hours) (hours) (mn)
1 010ct1966 1000 |730 730 258.4
2 310ct1966 2000 | 1460 730 264,35
3 01Dec1966 0600 |2190 730 267.33
3 31Dec1966 1600 |2920 730 268,45
5 31Jan1967 0200 | 3650 730 268,43
3] 02Mar 1967 1200 |4380 730 267.2
7 01Apr1967 2200 | 5110 730 263.38
3 02May1967 0800 | 5840 730 258,52
9 01Jun1967 1800 |6570 730 253.2
10 |02Jul1967 0400 | 7300 730 247.6
11 |01Augl967 1400 |8030 730 2527
12 |015ep1967 0000 | 8760 730 258.9
13 |010ct1967 1000 | 9490 730 260, 1
14 | 310ct1967 2000 | 10220 730 256.41
15 |01Dec1967 0600 | 10950 730 252.4
16 |31Dec1967 1600 | 11680 730 252,95 -
Flot ... Ok | Cancel |

Figure 5.4-9: Setting ofstageseries dataHEC-RAS 5.0.7)

Thefilling of the resewoir started just after thdiversion tunnel was closed in July
1965. Inthatday,the waterlevel wasat 144 (n). The next six months, the increase
rate of the water level wdsgh, and it is worth mentioning that by the end of Jagua
1966 the water lesl was roughly at 255 (m)talde.

In May 1966, the water level of the reservoir was2@9 (m) altitude which is
significantly lowerthanthe maximum allowed water level 284 (m), and subsequently
it started decreasingror the ext 3yearsapartfrom somefluctuations it remaned
stable.For instance the water level reached its lower value at roughly 230 (m) in
August1967.Thecausdor thatwerethedrainagevorksthathadto be donesothatthe
extensive leaksf the first nonthsof operation wald stop.

Subsequentlythe water level fluctuated periodically with higher valuesappearing
duringMay andJuneandtheloweronesatNovemberDecembeperiod. Themaxvalue
of waterlevel recordeduntil August2004,showedup in May 1994andaccounteddr

a mean monthly value of water level2#65 (m) (Kalfountzos 2013)
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54.2.3 Sediment data

The sediment data initially requires tihefinition of a max depth (due to erosiovl)ich
isset at 5 (m) and consideresl areasonable valydeft and right banksn which we

used the Ause banks f othebee gradationtcenaequirgdt i o n .

was obtained by Zarris (201Xudy (Figure 5.411). Moreover thetransport functia

of Laursen (Copeland} chosern thepresent studyalongwith Thomas(Ex5) sorting
methodand Ruby fall velocity methodwhich arethe most common for the case of
reservoir modeling. AdditionallyHEC-RAS 5.0.7 introduees several bed change
options for deposition: no bexdhange allowed outside of the movable bed limiteya
deposition outside of the bed limits and a reservoir option for sediment to deposit more
in deeper parts of the cross sections and for the erasiorell: max width, side slope

and center statior:rom all these, the option that allows depositiorsiigtof the bed

limits is chosen for this studyoreover,the selectedouting methods the ore that

limits sediment velocity to water velocity (uslyasuggested for reservojrs

W/ Sediment Data - SEDIMENT - O X
File Options View Help

Initial Conditions and Transport Parameters I Boundary Conditions | USDA-ARS Bank Stability and Toe Erosion Model (BSTEM) (Beta) 1

River: |acheloos = Transpart Function: ‘Laursen(capeland) j

Profile Plot | Cross Section Plot 1

Reach: |axonas_acheloou - Sorting Method: | Thomas (Ex5) M acheloos - axonas_acheloou i‘
Number of mobile bed channels: m Fall Velocity Method: |Ruby < Q 260 Legend
(R p——
River Reach RS Invert | Max Depth ‘ Min Eleyv ‘ Left Sta | Right Sta ‘ Bed Gradation Ground
1|acheloos axonas_acheloou | 39200 278.429 5 0 280 KREMA ¥ | potential Erosion
2|acheloos axonas_acheloou | 38300 2713 5 0 455 KREMA 260
3|acheloos axonas_acheloou | 33400 %8 5 0 420 KREMA
4|acheloos axonas_acheloou | 33000 270.79 5 0 384.68 KREMA
5|acheloos axonas_acheloou | 37600 %3 5 0 668 KREMA
6|acheloos axonas_acheloou | 37200 262 5 0 600 KREMA 240
7|acheloos axonas_acheloou | 36300 %67.04 5 0 243,618 KREMA
8|acheloos axonas_acheloou | 36400 260.714| 5 0 315.041 KREMA
9|acheloos axonas_acheloou | 36000 260.029 5 0 160 KREMA
10(acheloos axonas_acheloou | 35600 258.697| 5 0 185 KREMA c s
11| acheloos axonas_acheloou |35200 | 258.932 5 0 164 KREMA %
12|acheloos axonas_acheloou | 34300 257.295 5 0 130 KREMA i
13|acheloos axonas_acheloou | 34400 254,252 5 0 200 KREMA “ 200
14|acheloos axonas_acheloou | 34000 253.91 5 0 233 KREMA
15|acheloos axonas_acheloou | 33600 253.776 5 0 233.548 KREMA
16 |acheloos axonas_acheloou | 33200 251.777| 5 0 277.94 KREMA
17| acheloos axonas_acheloou |32800 | 250.083 5 0 235 KREMA 180
18|acheloos axonas_acheloou | 32400 243,144/ 5 0 254 KREMA
19(acheloos axonas_acheloou | 32000 248,998 5 0 330 KREMA
20 |acheloos axonas_acheloou | 31600 248,967 | 5 0 252 KREMA
21acheloos axonas_acheloou | 31200 248.974| 5 0 260 KREMA 160
22 |acheloos axonas_acheloou | 30400 243,908 5 0 350 KREMA
23 |acheloos axonas_acheloou | 30000 243 5 0 330.321 KREMA
24|acheloos axonas_acheloou | 23600 242| 5 0 370 KREMA
25|acheloos axonas_acheloou | 23200 241.837| 5 0 399.718 KREMA MUU 10000 0000 30000 40000
26 |acheloos axonas_acheloou | 25800 241 5 0 376 KREMA -
Station -
Use Banks for Extents | Interpolate Gradations ‘ K| L‘J

Figure 5.4-10: Definition of initial conditiong HEC-RAS 5.0.7)

Figure 5.410 presentghe sediment data interface and shows the sevatalat each

cross section which can differentiate among them, but for the present study they are the
same. On the right side of the image is evident the current ground and the ground under
a future potenal erosion after the simulation.
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B3 Bed Gradation - O x
View
. T AR e, . . .
Bed Gradation Template:  |(&I=NE] hd Dl _ﬁl ><| | Enter Multiple Gradations in & Table. .. |
Class | diam (mm) %% Finer 1007 T j
1| clay 0.004 £0e
2| VFM 0.008 Gradation Curve
3|FM 0.015
4|1MM 0.032 20
5|CM 0.0625
B|VFS 0.125
7|F5 0.25
8|MS5 0.5 504
9|C5 1 E;
10| ¥CS 2 0 i
11|vFG 4 5 #
12[FG 8 10 404
13| M5 15 20
14| CG 32 50
15|¥CG 64 70
16(5C 128 85 204
17|LC 256 91
18|58 512 100
19(MB 1024
0|8 2048 0 : T T T T T T T .
1 2 5 10 20 50 100 200 500 1000
(* % Finer { GrainClass %  Convert:
Yefiner <—=% Grain Size (mm) .12, 592 -
i ’
[~ Set Sample Specific Cohesive Parameters
OK | Close |

Figure 5.4-11: Definition of bed gradatio(HEC-RAS 5.0.7)

Another substantial feature concerning the sediment @dter the set the initial
conditions)is the setting of the boundary conditions. Regardingifis¢ream boundary

(1%t cross section) a flossedimat load rating curveés chosenWhen it comes to the
intermediate cross sections there are the options to import a rating curve or a sediment
load seriesFor the present thesian intermediate rating oue isusedfor the case of
Agrafiotis wherethereis alateral inflow of water ath sediment.

‘g Sediment Data - SEDIMENT - a X
File Options View Help
| USDA-ARS Bank Stabilty and Toe Erosion Model (BSTEM) (Betz) |

Select Location for Sediment Boundary Condition

Rating Curve | Sediment Load Series | Equilibrium Load |

Flow Weighted Sediment Split | Threshold Weighted Sed Split | Sediment Split by Grain Class |

acheloos axonas_acheloou | 39200 Rating Curve
acheloos axonas_acheloou | 10800 Rating Curve

Figure 5.4-12: Definition of boundaryconditions(HEC-RAS 5.0.7)

Figure 5.412 reveals the defined sediment boundary conditions which are an initial
rating curve (cross section.200m) and an intermediate oKeross section 1800m)
where Agrafi ot i s eldomne&heratisgcurtedirclude 2 s6f floo-f A c h
sediment load anithe percentages of different bed matergaid are presented in Figure

5.4-13 below:
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Rating Curve for acheloos axonas_acheloou 33200

Mumber of flow-oad points |2 sets ﬂ
Flow (m3/s) 1 1000 =
Total Load (tonnes/day) 0,851647 327738
1 |Clay (0.002-0.004) 10 4
2 [VFM (0.004-0.008) 5 2
3 [FM (0.008-0.018) 5 1
4 |MM (0.015-0.032) 10 10.64
5 |CM (0.032-0.0625) 3 1
6 |VFs (0.0625-0,125) 15 13.34
7 |F5(0.125-0.25) 10 7.98
& |Ms(0.25-0.5) 15 20.34
9 |C5(0.5-1) 17 28
10 |VCs (1-2) 5 5.72
11 |VFG (2-4) 2 2
12 |FG (4-8) 2 1
13 |MG (8-18) 1 1
14 |CG (16-32) 1
15 |VCG (32-64) 1
16 |5C (64-128) j
[~ Define Diversion Load * Load ¢ Concentration Plot ... | OK | Cancel

Figure 5.4-13: Definition of rating curve as boundary condition (HR&S 5.0.7)

The rating curve thas input to HEGRAS as asediment data boundary condition is a
product of the previous analysis in Chapter % ase) where the flowediment load

relationship was hbli. This relationship consists of two branches, one for the low and

one for the high &lues of flow. As observedor 1 (m/s) flow there are 0,85 (t/d) of
sediment load and for a river flow of0DO (n¥/s) the river carries 327.738 (t/d) of
sediment loagthese numbers occur from the following relationships

O  rimm ol XX when Q<86 (fs) (5.4-1)
Oi mmp a™e® when Q>86 (1#s) (5.4-2)

Underthe frame of Zarris et al. (2001) study two drillingsAcheloos river (inside the
reervoir) were held in order to investigate the bed gtamh and more specifically to
identify the material oftte transported sedimefgradation) The following Table 5.4
1 presents the results of the drilling processesatgatised for the present syutb
determine thgradationof the transported materishown in Figure 543:

Table 5.41: Types angercentages of transported matef@atadation)oy Zarris et al. (2001)

Sesan Diameter 15t Drilling 2" Drilling
(mm) (%) (%)
Gravel 2-64 1 4
Very coarse sand 1-2 3,35 6,72
Coarse sand 0,51 8,78 28
Medium sand 0,250,5 24,97 22,34
Fine sand 0,1250,25 39,87 9,96
Very fine sand 0,0650,125 10,91 15,34
Medium/Coarse mud| 0,0160,065 11 13,67
Total: - 100 100
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5.4.3 Sediment transport simulation

Thus after all data are defined, next stepistocliekiittper f or m a sedi ment
simulationo button i n o mbefogerthe prograch &steady mi n e

for the onedimensional sediment transport analysgde the reservaiiThese datare
shown in Figures 5:44 and 5.415 andfirstly corcern the starting and ending datf

the simulation whichare 01/10/1966 and 20/12/2008 accordingly. Moreover, the
creation of a plan filavas necessarnas well as the setting of the sediment output
options.

ﬂ Sediment Transport Analysis =4
File Optiens Help
Plan : |PLAN_A ShortID  |PLANMARKOS
Geometry File : |GEDmE1J-F_nEW ﬂ
Quasi-Unsteady Flow |QUASI_2 |
Sediment Data : | SEDIMENT |

Simulation Time Window

Starting Date: 010CT1966 Starting Time: |10:00
Ending Date: 20DEC 2008 Ending Time: 10200

Flan Description : J

Compute |

Enter jEdit shart identifier for plan (used in plan comparisons)

Figure 5.4-14: Performing a sediment trangpsimulation HEC-RAS5.0.7)

The output options (Figure 5¥b) initially concern the output levdt. ranges from 1

to 6 and the higher that level is, the more detailed the sediment output willribeFo
present study level 4s chosen, considering ahit contains all themeaningful
information we need. Moreover, someone can define whether the sediment output will
be in mass or volume and if the output increment will coincide with the computation
increment defauly. Finally, it offers the option toiew how the bed of eachbross

section changes throughout the years. Several other output options are offered but not
examinedduring the current thesis. The choices made are shown in Figut&.5.4

The present study faced many errors, warnings or ihdie® concerning the
ineffective areas, computation increment problems and big datasets which overloaded
the program. More specifically, in some locations where the width difference between
two crosssectionsis huge, an interpolatiors needed so thadt smooths the terrain
reduces the ineffective areas, and allows sediment to pass through. Additionally, the
computation increment had to decrease in extreme cases of inflows so that it handles
the hgh flow and sediment load values. Eventually, all éprsblems were solvelly

fixing specific data problems and selections.
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Sediment Output Options

Sediment Qutput Options Specific Gage Plot
[ Write Specific Gage Flots |
Output Level: |4 j El i
Dates
Mass or Volume? |Mass j

Output Increment:  [[SyleWjepflgRiglad= = a0 ~
Mumber of Increments Between Profile Time Series Outputs: |1
[ Cross Section Bed Change Output

Number of Increments Between X5 Qutputs: 1
Gradational Hotstart

[~ Write Bed Gradations to an Output File

| Read Gradational Data from Hotsart File

Compute Spedific Gage...
|

[v Write Sediment Data to HDFS File

[¥ Write Legacy Binary Output
[~ write Sediment DSS Qutput by Grain Class

Set RS to Write DSS Sediment Output...

oK |

Cancel | Defaults ...

Figure 5.4-15: Sediment output options (HERAS 5.0.7)

After all these settings and data input, the magslready sotherunof the simulation
began (Figure 5:46). The cumulatie reaults and conclusions of the simulation are

presented in the next chapter of the present thesis and in the Appendix.

HEC-RAS Computations

Write Geometry Information
Layer: COMPLETE

- x
|

Sediment Simulation

River: ACHELOOS RS: 35200
Reach: axonas_acheloou Mode Type:  Cross Section
Profile: 13May1973 1000 ]
Simulation: 2490/15885 ]

Computation Messages

Plan: "PLANEW" (krem.p09)
Simulation started at: 24Jun2020 02:06:53 AM

Writing Geometry
Completed Writing Geometry

Starting to copy Geometry Data to Results
Completed copying Geometry Data to Results

™

T t lysis HEC-RAS 5.0.7 March 2019

Pause | Take Snapshot of Results ‘

Figure 5.4-16: Run of thesediment transposimulation (HEGRAS 5.0.7)
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6 Resuls andConclusions
6.1 Sediment deposition

Sediment deposdn in a reservoir pool, and the longitudinal deposition areas, are
commonly divided into three main zonegbe topset bed, thedntset bed and the
bottomset bedwhich are described below and shownFigure 6.11. Topset bes
correspond to delta depasdf rapidly settling sediment. The downstream limit of the
topset bed corresponds to the break in slope between the topfeindset beds which

is also the downstream limit of bed material transjpattie reservio. Frontset deposits
represent the stpface of the delta advancing into the reservoir and are differentiated
from topset beds by an increase in slope and decrease in graiBdipenset beds
consist of fine sediments which are deposhiegond the déh by turbidity currents or
nonstratifedflow. They may also include organic material produced by algae or aquatic
plants within the reservo{Morrisand Fan, 1998 U. S. Soci e}Jy on Dams,

Foreset Bed
L Topset Bed L‘ Bottomset Bed

Max Pool Elevation

Normal Pool Elevation

\\

Delta Deposits

Lake Deposits

Figure 6.1-1: Main zones of depositiorOptained byU.S. Society on Dams, 20115

Thefirst resut from HEGRAS onedimensional sediment transport simulation is the
Figure 6.22 below which shows how thiengitudinal profile ofKremasta reservoir
changes afted?2 years of dam operatiofold sedimeh output viewis used) More
specifically the graphddow concerns the part of Acheloos rivéhe output shows that

the deltaic deposits are evident and after the cross sectior2@0Zn) only the finer
material is tansporéd to the downstream of thispecific cross sectiorausing
insignificant changeso the bed geometryThis deltaic depositorm is a reasonable
output because when a river enters the resepool the flow velocities decrease along
with the capability of the river to carry the sewent further beyond close to the dam.
Older researctprojects supported that sediment deposits near the dam, while this
proved to be wrong after a series of studies across the U.S.A. and South Africa that
concludedn an even distribution of sediment asothe reservoir except from the first
part with theddtaic depositsThis happens also in the cas&koémasta, wherthe bed
changesfter cross section 2200 (m)-where the reservoir is nearly 5 (km) wicee

nat obvious Delta deposits are also theost visible component of sedimentatiand
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in thiscase, they occupy an area of roughly 18 (kra) the beginning of theeservoir
pool.

C:\Users\Markos\Desktop\hecarxeialkrem.sed09
ACHELOOS-axonas_acheloou

2807 Legend
______________________________________________________________________________________ 010CT1966 10:00:00-Ch Invert EI (m)
260 010OCT1966 10:00:00-Wsel (m)
20DECZ2008 10:00:00-Ch Invert EI (m)
1 7 N
$ 20DECZ2008 10:00:00-Wsel (m)
2401
2207 1966

2004

Ch Invert El {m) WWsel (m)

180

160

140 T T T ]
0 10000 20000 30000 40000

Main Channel Distance (m)

Figure 6.1-2: Changsin the longitudinal profile of Acheloos riveifter42 years of
simulation (HEGRAS 5.0.7)

Comparing Figures.1-1 and 6.12, there is an evidentrsilarity between the theory

and the results of the sediment transport modeling inside the reservoirigoce. &

2 displays a deltaic depositional pattesmich ends at the point where the crossieast

get wider and deeperoughly18 km away fromheupgream boundargt cross section
20.800 m). Due to the fact thadlelta deposition is focused in the shallow upstream
reaches of reservoirs where the width tends to be the narrowest and storageivolume
small, reservoir deltas can be problematic ftbensandpoint of upstrearaggradation
(U.S. Society on Dams, 20L5More specifically, he existence of large sediment
volumes as deltaic deposits creates an uplift of the river water stage on thampstre

Whereas delta deposits may contain both coamddine material, thébottomset beds
are characteristically fingraned. However, tributary inflows, reservairawdown,
slope failures, and extreme floods can all deliver coarser material into &bees
finer-grained material normally predominatessugng in layering of deposits or
localized variations in grain siz&he bed load and coarse fraction of the suspended
loadare deposited first to form delta deposits, while fine sediments with lotange
velocities are transported deeper into theak@ir by either stratified or nonstratified
flow.

Depositional paerns vary with differences in hydrologic conditions, sedinggatn

size, and reservoir geometry. In reservoirs with fluctuating wetesls, previously
deposited sediments may be exsiealy eroded and reworked by streamflow, failure of
exposed slopesnd wave action. Most sediments are transported within reservoirs to
points of deposition by three processes: (1) transport of coadg@ent as bed load
along the delta surface or tofds€2) transport of fine sediment in turbid density
currents, and3) transport of fine sediment as nonstratified fladoser to the dam
(Morrisand Fan, 1998 U. S. Soci e}y on Dams, 2015

98



Moreover, bedw (Figure 6.13) is presentedhe ctange of a crossection -which is
located at the reservoir delta at the branch of Acheloos tiveughout the period of
simulation due to sediment depositidinere isan aggradation of nearlys (m) after

42 years

30017

250

2807

Elervation (m)

250

2407

270

26000

Legend

R ——
01 0ct1966 1000
01 0ct195% 1000
20DecZ008 1000

230
0

E-ID

100 150 200 250 300 350

Figure 6.1-3: Crosssection (28000 m) changéhroughout the period of simulation due 1

2804

Legend
........................................................................................ 010CT1956 10:00:00-Ch Invert EI (m)
2601 . 010OCT1966 10:00:00-Wsel (m)

deposiion (HEGRAS 5.0.7)

C:\Users\Markos\Desktopthecarxeia\krem.sed09
ACHELOOS-axonas_acheloou |

240

2201

2004

Chlnvert EI (m) Wsel {m)

1804

160

05JAN1588 22:00:00-Ch Invert EI {m)

1989 05JAN1988 22:00:00-Wsel (m)

140

10000

20000 30000 40000

Main Channel Distance (m)

Figure 6.1-4: Changes in the longitudinal pild of Kremasta reservoir (Acheloos paat)an
intermediate simulation moment (HETAS 5.0.7)

Figure 6.14 exhibits an intermediate situation where the delta deposits have begun to
form. While the depos$s increase, the topset bed risééth the ongoingsediment

inflow throughout the years, the topset bed expamsise the reservoir of Kremasta
and the slope of the frontset bed groWwke point of intersection between the topset
and the frontset bed reated by the maximum annual dese of the watestage
elevation of the reservoir, and especially when this event coincides with the beginning
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of the wet period (Zarris et al., 200Tjhus, the area of the expansion of the delta
deposits depends on tlemount of the river sediment yielthe material ofthe
transported sediment, but almothewater stage variations when the wash load appears.
Figure 6.15 below shows thevolution of the delta depositg Kremasta reservoir
(Acheloos paijtwhich agreesvith the deposition theory presedtabove

C:\Users\Markos'\Desktopthecarxeia\krem sed09
ACHELOOS-axonas_acheloou

280 Legend

010CT1966 10:00:00-Ch Invert EI (m)
010CT1966 10:00:00-Wsel (m)
010CT1959 10:00:00-Ch Invert EI (m)

010CT1999 10:00:00-Wsel (m)
20DEC2003 10:00:00-Ch Invert EI {m)

20DEC2008 10:00:00-Wsel (m)
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Figure 6.1-5: Evolution of the deposits &iremasta reservoifAcheloos partfrom 1966 to
2008(HEC-RAS 5.0.7)

6.2 Comparison withotherstudes

This chapter compares thesults of the@resenstudy with these of Zarris et 42001,
2003, 2019)The study of Zars etal. (2001)and hydrographic surve§rigure 62-1)
identified the main areas of deposition inedrasta reservoir pool, concluding that
sediment mostly deposits at theservoir deltasvhich confirms the validity of the
output of the current simulatiandthe theoratal assumptions.

|

®

Tavropos

Trikeriotis

Figure 6.2-1: Spatial distributiorof sediment deposits in Krersia reservoir
(Obtained by Zarris et al., 2001)
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kremasta Plan: PLANEW  6/25/2020

Legend

[——
WS 010ct1956 1000
Ground
.

Bank Sta

Ground

Figure 6.2-2: 3D Plotof the reservoir pool (Acheloos river branch) (HRBS 5.0.7)

The Figure 6.22 abowe shows a 3D pbt of the Acheloos river brancland the cross
sections, Uusi nAYgZ Perp e c t 0D mma RP-RASHAX observed HhE C
Figure 6.23, the deposits atecated at the reservoir deltas whmtthanceshe results
from HEGRAS shown in Figre6.2-2 for Acheloos river brancibownstream of the
black marked locations the deposits are inigigant, and some areas display a bed
erosion.

Deposits

Non-deposits

DAM

2000 0 20C0 4000 Metere
P ]

Figure 6.2-3: Locations of @posits occurred from Zarris et al. (2001) study
(Obtained by Zarris et al2003)
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Moreovwer, Zarris (2019) performed a hydrographic survey and cut cross S&atioss

the reservoir pool to observe how thedchanged from 1966 to 1999 due sediment
deposition similarly to the present studyherefore, belowFigures 6.24 and 62-5)
thereis a comparison betweghe bed change calculations of the two studies for the
crosssection22.400 (m)and there is an evident similarity betweemthe

1960
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Figure 6.2-4: Bed changgin cross section +22400 (ragcording tahe Zarris study
(Obtained byZarris, 2019)

22400

3007 Legend

S —
010ct19686 1000
010ct1995 1000

20Dec2008& 1000

2801

Elevation (m)
2

2401

S0 100 150 200 250 300

Station (m)

Figure 6.2-5: Bed changein cross section +22400 (ragcording to the present stt
(HEC-RAS 5.0.7

As observedZarris (2019) study showed a maximum aggradation oftigut (m),
while the HEGRAS simulationof the presentstudy revealed a deposition of about 5
(m). In the next decade, the bed of the cross se¢iioRIEC-RAS) uplifted to reach
nearly 210 (m) elevaion (15 m aggradation
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6.3 Hydrodynamiccharacteristics

The Table 63-1 below illustrats the hydrodynamic characteristics of the flow inside
the reservoir pool for each cross sectiBiver Station) This tableis a snapshot ofa
specific intermediate moment of the simulation §1/05/2000). Another table
conceriing the day with the highestflow (a significant momenf the simulatioi, is
presented in thAppendixof the presenstudy.

Table 6.3-1: Hydrodynamic baracteristicsof the flow inside the reservain 31/05/ 2000
(HEC-RAS5.0.7)

Reach River Sta |Profile Q Total | Min Ch El [W.5. Elev | Crit W.S. |E.G. Elev |E.G. Slope| Vel Chnl |Flow Area | Top Width |Froude # Chi
M) | m | m | m | m | mm | ) | @) | (m)
axonas_acheloou|39200 | 3iMay2000 1000} 22,300 273.43  274.61 27463 0.001746 125 1784  20.23 0.43
axonas_acheloou|38800 | 31May2000 1000| 2230 27270 273.03 273.03 273.15 0.014653 152 1486  63.15 1.01
axonas_acheloou|38400 | 31May2000 1000|  22.30  268.67  270.61 270.63 0.000185 0.55  40.67  23.55 0.13
axonas_acheloou|38000 | 31May2000 1000| 22,30 266,33 270.5 270,58 0.000090 0.5 39,67 1199 0.10
axonas_acheloou|37600  |31May2000 1000|  22.30) 270.15 270,35 270,35  270.45 0.015423 139 1606 82,20 1,00
axonas_acheloou|37200 | 3iMay2000 1000| 2230 26278 264.74 264,75 0.000143 0.55  40.36 2276 0.13
axonas_acheloou|36800 | 31May2000 1000|  22.30) 263.42) 26427 264.27 254.54 0.011750 2.29 9.720 1816 1.00
axonas_acheloou|36400 | 31May2000 1000| 22300 26103 283.74 263.75 0.000070 0.44  50.66 2183 0.09
axonas_acheloou|36000 | 31May2000 1000|  22.30) 263.16 263.53 263.53 263.64 0.015202 143 1499 68.60 1,02
axonas_acheloou|35600 | 3iMay2000 1000| 22300 260.06 262.12 262.14 0.000233 0720 3093 1638 0.17
axonas_acheloou|35200 | 31May2000 1000|  22.30  259.93  262.05 262,07 0.000143 0.55 38.48  19.16 0.13
axonas_acheloou|34800 | 31May2000 1000| 22300 25144 25194 261.95 0.000688 0.55  40.84 8217 0.25
axonas_acheloou|34400 | 31May2000 1000| 2230 260,63 26165 261,69 0.000664  0.83 2686  27.23 0.27
axonas_acheloou|34000 | 31May2000 1000| 2230 260.60 26136 261,38 0.000885 0.5  38.65 8661 0.28
axonas_acheloou|33600 | 3iMay2000 1000| 22300 260.22) 261.07 261.10 0.000563 0.70 3206  38.56 0.24
axonas_acheloou|33200 | 31May2000 1000|  22.30  260.27  260.30 260.32 0.000809 0.62 3598 6742 0.27
axonas_acheloou|32800  |31May2000 1000| 22,30 259,26 259,78 259.78 259,98 0.012616 199  1.L20)  28.26 101
axonas_acheloou|32000  |31May2000 1000] 22,300 256,38  258.74 258,78 0.000385 0.92 2412 1194 0.21
axonas_acheloou|31900.0%| 31May2000 1000  22.30  258.44  258.68 258.70 0.001305 0.55  40.73  169.58 0.36
axonas_acheloou|31800.0% | 31May2000 1000| 2230, 25821 258.52 258,54 0.001442  0.58  38.78 12616 0.33
axonas_acheloou|31700.0% | 31May2000 1000| 2230, 258,11 258.37 258.39 0.001533 0.53 4187  160.19 0.33
axonas_acheloou|31600 | 31May2000 1000| 22,30  257.54 258,25 258,28 0.000766 072 30,84 43.66 0.27
axonas_acheloou|31200 | 31May2000 1000| 22,30 257.56  257.86 257,88 0.001363 0.55 40,72 13683 0.32
axonas_acheloou|30934.13| 31May2000 1000|  22.30  257.15  257.43 257.45 0.001942  0.62 3622 13326 0.33
axonas_acheloou|30400 | 31May2000 1000| 22300  255.56  256.47 256,49 0.001664  0.64 3482  107.31 0.36
axonas_acheloou|30000 | 31May2000 1000| 22,30 255,27 255.5 255,58 0.003286 0.60 3710 21006 0.46
axonas_acheloou|29600  |31May2000 1000] 22,300  254.05 254.77 254,78 0.001343 0.48 46,72 19112 0.31
axonas_acheloou|29200 | 3iMay2000 1000| 22300 25374 254.17 254.18 0.001700 0.47  47.33 23576 0.34
axonas_acheloou|28800 | 31May2000 1000|  22.30  253.03  253.38 253.41 0.002167  0.76  29.18  84.35 0.41
axonas_acheloou|28400 | 31May2000 1000|  22.30 25165 25176 251,79 0.010260 0.73  30.46 30187 0.74
axonas_acheloou|28000 | 31May2000 1000| 22,30 248.97  249.09 249,10 0.004719 0.51  43.67 41472 0.50
axonas_acheloou| 27600 |31May2000 1000| 22,30 247.11  247.2% 247,27 0.004436 0.51  43.86 400,10 0.49
axonas_acheloou|27200 | 3iMay2000 1000  22.30 246.13  246.35 246.35 0.001398 0320  68.72 5§17.26 0.2
axonas_acheloou|26800 | 31May2000 1000|  22.30 245,42 245,95 245.95  0.000710 0.43) 4517  108.35 0.24
Reach River Sta | Profile Q Total | Min Ch El [W.S. Elev| Crit W.5. | E.G. Elev |E.G. Slope | Vel Chnl |Flow Area | Top Width| Froude # Chl
mas) | m | m | m | m | mm) | e | @2 | m
axonas_acheloou|26400  [31May2000 1000 22,30 244,16 24592 245,92 0000039 0.18 123,55 152,67 0.06
axonas_acheloou|26000  [31May2000 1000 22,30 243.01 24592 245,92 0.000002  0.08 291.05 14529 0.02
axonas_acheloou[25600  |31May2000 1000 22,300 24247 24591 245,92 0.000001 0.07 297.41 109.74 0.01
axonas_acheloou[25200  [31May2000 1000 22,300 240.87 24591 245,91 0.000008 0.20 11263 337 0.03
axonas_acheloou[24800  [31May2000 1000 22,300 24127 24591 245,91 0.000004  0.15 153.05 4460 0.03
axonas_acheloou[24400  [31May2000 1000 22,300 239.42] 24591 245,91 0.000001 0.10) 23232 59,91 0.02
axonas_acheloou[24000  [31May2000 1000 22,300 239,39 245,91 245,91 0.000000 0.06 403.81  89.74 0.01
axonas_acheloou[23600  [31May2000 1000 22,300 238,57 24591 245,91 0.000000 0.04 58463  105.95 0.01
axonas_acheloou|23111,09|31May2000 1000 22,300 23107 24591 245,91 0.000000 0.02] 93350 971 0.00
axonas_acheloou[22800  [31May2000 1000 22,300 22448 24591 245,91 0.000000 0.01 201570 127.85 0.00
axonas_acheloou[22400  [31May2000 1000 22,300 225,65 245,91 245,91 0.000000 0.01 179211  123.63 0.00
axonas_acheloou[21600  |31May2000 1000 22,30 220,04 245,91 245,91 0.000000 0.00) 21648.69 1722.90 0.00
axonas_acheloou[21200  [31May2000 1000 22,30 216,43 24591 245,91 0.000000 0.00) 42368.69 1819.97 0.00
axonas_acheloou[20800  |31May2000 1000 22,30 21534 24591 245,91 0.000000 0.00| 55764.46 2352.15 0.00
axonas_acheloou[20400  [31May2000 1000 22,30 21587 24591 245,91 0.000000 0.00) 52715.06| 1981.74 0.00
axonas_acheloou[19600  [31May2000 1000 22,300 210,40 245,91 245,91 0.000000 0.00| 45845.05 1712.77 0.00
axonas_acheloou| 18800  |31May2000 1000 22,30 206,08 245,91 245,91 0.000000 0.00| 33086.72 1693.87 0.00
axonas_acheloou[18400  |31May2000 1000 22,30 205,10 245,91 245,91 0.000000 0.00) 23760.38| 1223.5 0.00
axonas_acheloou[ 18000  [31May2000 1000 22,300 204.13] 24591 245,91 0.000000 0.00) 4469196 1750.19 0.00
axonas_acheloou| 17600  |31May2000 1000 22,300 20411 24591 245,91 0.000000 0.00| 45566.60 162938 0.00
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Reach River Sta |Profile Q Total | Min Ch El |W.S. Elev| Crit w.5. | E.G. Elev [E.G. Slope| Vel Chnl |Flow Area | Top Width | Froude # chi
m3f) | m m | m m | mm | ) | @) | m
axonas_acheloou[ 17200 |31May2000 1000) 2230 203.83) 24591 24591 0.000000  0.00 41689.90| 1733.74 0.00
axonas_acheloou| 16800 |31May2000 1000) 2230 202.65  245.91 245.91| 0.000000  0.00 2889232 1227.58 0.00
axonas_acheloou[ 16400 |31May2000 1000) 2230 20171 24591 245.91| 0.000000  0.00 26035.22 1030.77 0.00
axonas_acheloou| 16000 |31May2000 1000) 2230 200.06 245.91 245.91| 0.000000  0.00 3291182  900.18 0.00
axonas_acheloou| 15600  |31May2000 1000 2230 200.04) 245.91 245.91| 0.000000  0.00 27870.29  964.16 0.00
axonas_acheloou|15200  |31May2000 1000) 2230 199.08| 245.91 245.91| 0.000000 0.0 25586.55  863.89 0.00
axonas_acheloou| 14800  |31May2000 1000 2230 19497 245.91 245.91| 0.000000  0.00 29470.00  893.30 0.00
axonas_acheloou| 14400 |31May2000 1000 2230 193.02) 245.91 245.91| 0.000000  0.00 20997.00  667.25 0.00
axonas_acheloou| 14000 |31May2000 1000] 2230 190.85 245.91 245.91| 0.000000  0.00) 523233  160.78 0.00
axonas_acheloou| 13600 |31May2000 1000] 2230 188.00) 245.91 24591 0.000000  0.00) 914198 24129 0.00
axonas_acheloou| 13200 |31May2000 1000] 2230 187.12] 245.91 24591 0.000000  0.00) 514540  178.51 0.00
axonas_acheloou| 12800 |31May2000 1000] 2230 187.00 245.91 245.91| 0.000000  0.00 £437.88  172.85 0.00
axonas_acheloou| 12400 |31May2000 1000] 2230 187.01 245.91 245.91| 0.000000  0.00] 863477  164.14 0.00
axonas_acheloou| 12000 |31May2000 1000] 2230 185.96 245.91 245.91| 0.000000  0.00 46623.64 1697.37 0.00
axonas_acheloou[ 11600 |31May2000 1000] 2230 184.92) 245.91 245.91| 0.000000  0.00 2834140 3024.98 0.00
axonas_acheloou[ 11200 |31May2000 1000] 2230 183.61 245.91 245.91| 0.000000  0.00 23676.80 2580.68 0.00
axonas_acheloou| 10800 |31May2000 1000) 2230 180.04) 245.91 245.91| 0.000000  0.00 22017.00 2992.58 0.00
axonas_acheloou[ 10400 |31May2000 1000) 2230 180.03) 245.91 245.91| 0.000000  0.00 05209.10 2323.80 0.00
axonas_acheloou|10094.9 |31May2000 1000) 2230 17503 24591 245.91| 0.000000  0.00 21006.40 2534.16 0.00
axonas_acheloou[9600  |31May2000 1000) 2230 174.85 24591 245.91| 0.000000  0.00 .17720.20 2257.66 0.00
axonas_acheloou[9200 |3iMay2000 1000) 2230 174.87) 24591 245.91| 0.000000  0.00 03860.70 1971.99 0.00
axonas_acheloou[8800  |31May2000 1000) 2230 173.05 245.91 245.91| 0.000000  0.00 D1685.90 202262 0.00
axonas_acheloou[8400  |31May2000 1000) 2230 17146 24591 24591 0.000000  0.00 9951171 1986.34 0.00
axonas_acheloou[8000  |31May2000 1000) 2230 170.00 245.91 245.91| 0.000000  0.00 D2565.90 2154.07 0.00
axonas_acheloou|7600  |31May2000 1000) 2230 169.00 245.91 245.91| 0.000000 0.0 68660.45 1168.39 0.00
axonas_acheloou|7200  |31May2000 1000) 2230 169.00 245.91 245.91| 0.000000  0.00 52705.36 93281 0.00
axonas_acheloou|s800  |31May2000 1000 2230 168.00 245.91 245.91| 0.000000  0.00 71477.81 1285.62 0.00
axonas_acheloou|5400  |31May2000 1000) 2230 170.00 245.91 245.91| 0.000000  0.00 63749.22] 1226.32 0.00
axonas_acheloou|6000  |31May2000 1000] 2230 168.12) 245.91 245.91| 0.000000  0.00 7116455 1297.81 0.00
axonas_acheloou 5600 |31May2000 1000] 2230 15491 24591 245.91| 0.000000  0.00 57900.14 1388.37 0.00
awonas_acheloou 5200 |31May2000 1000] 2230 166.72) 245.91 245.91| 0.000000  0.00 84943.30 1505.22 0.00
awonas_acheloou[4800 |31May2000 1000] 2230 165.13 245.91 245.91| 0.000000  0.00 22614.20 2334.07 0.00
sxonas_acheloou[4400 |31May2000 1000] 2230 16116 245.91 245.91| 0.000000 0.0 66495.08 1612.19 0.00
axonas_acheloou[4000 |31May2000 1000] 2230 157.08) 245.91 245.91| 0.000000 0.0 45868.30 3522.85 0.00
axonas_acheloou|3797.35 |31May2000 1000] 3830 160.70 245.91 245.91| 0.000000 0.0 35858.20 3298.95 0.00
axonas_acheloou|3547.46 |31May2000 1000) 38300 159.13 245.91 24591 0.000000  0.00 98328.90 4793.71 0.00
axonas_acheloou|3200  [31May2000 1000]  38.30 151.00) 245.91 24591 0.000000 0.0 38278.00 2430.24 0.00
axonas_acheloou|2800  [31May2000 1000|  38.30 150.00) 245.91 24591 0.000000 0.0 67445.73 1272.55 0.00
axonas_acheloou|2400  [31May2000 1000  38.30 150.17] 245.91 24591 0.000000 0.0 19757.82) 35131 0.00
axonas_acheloou|2000  [31May2000 1000|  38.30  150.00) 245.91 24591 0.000000  0.00 16446.20 314.17 0.00
axonas_acheloou| 1600 [31May2000 1000|  38.30 155.37 245.91 24591 0.000000 0.0 14956.73 323.99 0.00
axonas_acheloou| 1200 [31May2000 1000]  38.30 149.94) 24591 245,91 0.000000  0.00 20898.11  385.02 0.00
axonas_acheloou|800 31May2000 1000|  38.30| 15000 245.91 245,91 0.000000  0.00 21967.43  416.40 0.00
axonas_acheloou| 400 31May2000 1000)  38.30| 14910 24591 150.05  245.91 0.000000  0.00 1921179 366.53 0.00

The table idicates the total flow (Q in #s), the minimum channel and water stage
elevations (Min Ch El and W.S. Elavmeters), the flow velocities (Vel Chnl in /s
the flow ara (nf), the top width (m)the critical depthrit W.S. in metersandthe

Froude nmber for each cross section.

As observed, the flow velocities are generally low due to the slow movement of the
water inside the reservoir pool, and thescidase approding the dam, where the
reservoir pool is wider and deeper. Maeecifically, he width of the reservoir is
increasing dramatically after the cross section6®D (m) where the flow velocities
approach zero. The water stage on tiféad May 2000 was 2491 (m) It is remarkable

that five cross sections (B®0 m, 37600 m, 36800 m, 36000 m, 32800 m) have a
Froude numbewhich is 1 or higher and the flow is characterized as critical / almost
supercritical. Therefore, in those fivwer statons the water gge elevation is equal

to the critical depthr(l). The wider and deeper part§ tbhe reservoir pool display a
Frouce number close to zero due to low flow velocities which shows that there is no

water movement in these areas.

Another wg (amore detailed o) to view the hydrodynamic results of the model is by

using foVui tepwu t dbe t baui tl teodn

t he

plehG3-2 below th& at e s

presents some othRydrodynamiaharacteristicat a specific moment and place
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Table 6.3-2: Otherhydrodynamic charaetistics (HEGRAS5.0.7)

E Cross Section Qutput — .
File Type Options Help
River: |ACHELOOS | Profie: |010ct1966 1000 ~|
Reach |axonas_ad'|elonu ﬂ RS: |364[J[J j ﬂPIan: |k.rem ﬂ
Plan: krem ACHELOOQS axonas_acheloou RS: 36400 Profile: 010ct1966 1000
E.G. Elev (m) 262,40 | Element Left0B | channel | RightOB
Vel Head (m) 0.13 | Wt. n-¥al, 0.030
W.5. Elev (m) 262,22 | Reach Len, {m) 400,00 400,00 400,00
Crit W.5. (m) 262,17 | Flow Area (m2) 9,17
E.5. Slope {mjfm) 0.008555 | Area (m2) 9,17
Q Total (m3/s) 17.10 | Flow {m3/s) 17.10
Top Width {m) 19.35 | Top Width (m) 19,35
Vel Total (m/s) 1.87 | Ava. Vel. (m/fs) 1.87
Max Chl Dpth (m) 0.92 | Hydr. Depth (m) 0.47
Conv. Total (m3/s) 184.9 | Conv. (m3/s) 184.9
Length Wid. {m) 400.00 | Wetted Per. {m) 19.483
Min Ch El {m) 261.30 | Shear (N/m2) 39.48
Alpha 1.00 | Stream Power (N/m s) 73.63
Frctn Loss (m) 1.52 | Cum Volume {1000 m3) 1764062.00
C &E Loss {m) 0.04 | Cum SA (1000 m2) 359469.63

More specificallyit presents thé&iction and C&Elossegm), the hydraulic deptfm),
the wetted perimeter (m), the shear (RVnthe stream power (NAs) and the
cumulative volume (1000 $hand storage ar (L000 nf) for eachcross section
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6.4 Final Conclusions

T

The RUSLE, GIS and Koutsoyiarsng Tarla (1987) methods considta series

of empirical equations and in combination wifanoni (1975) empirical
formula, the results havecaitical discrepancyamongthemand in comparison,
with the hydrographic surveyMoreover, the uncertainty andffttulty to
predict theesponse of each soil type, land use and soil loss protection technique
to extreme climate phenomena leads to an underestimatitre sediment
yield. This alsohappens due to the wide variety in the values attributed to C
factorfor every land use andsal the overestimation of-factor in the analytical
application of RUSLE, due to lack of lottgrm precipitation data.

The rating arves methodologyused to estimate the sediment yield, proved to
be a reliable tool considering thconcluded on 1110,@/km?), while Zarris
(2019) measured a 1005,6 (tRmalue of mean annual sediment yield.

The sediment deposition ratdead volune) occurred from theresent study
and specifically the rating curves meti{@82,4 hn) is significantly lower than

the prediction of the initial studg784 hn?). Moreover, Zarris et al. (2001)
predicted a valuef 264,8 (hnv) for the 106year deadsedinentvolume This
indicates that the initial study overestimated the dezdimentvolume and
probaby some of the technical elements of the dam

The reservoir exhibits one of the highest values of sediment yield worldwide.
This is mainly due to hydlogical parameters (e.ghiense storms) and the
dominant geological formation (e.g. highly erodible ¢lysof the watershed.
HEC-RAS sediment transport simulation reveals gwhe of the first narrow
cross sections hawaroudeNumber slightly highertanl. This means that the
flow is critical or supercriticalwith high flow velocities As the reservoipool

gets wider and deepé¢heflow velocities decreasgramaticallyand fall roughly

to 0.

The simulationalsoindicates that the sediment depositismainly located at
theriver deltas andbk close to zero in the main reservoir pool of Kremaitiés

was expected because of the significant length and width of the reservoir and
the four rivers that end up in iSuch conclusionregarding the spatial
accunulation of the sedimet agrees with the hydrographic survey and study of
Zarris et al. (2001}hat srows no deposition inside the reservdihis also
means that the reservoir has a sediment retention capacity close to 100%.

At the point where thdeltaicdepaitional patten ends (roughly 18 km away
from the upstream boundaryhe flow velocitiesdecrese,and thereservoir is

not capable to carry the coarse sediment further downst@aly, the finer
sediment is transported lognsity currents to the dmsteam near the dam

After the 42year sediment modeling of the reservoir, theoretical dead
volume of the reservoir remains empty while a part of the net storage is filled
with sediment. Hence, dead volume princsplat least for large reservoirs,
shoud be reconsiderkin terms of spatial accumulatidmecause this affects the
water abstractiorlevationand the hydroelectric station

The existence of large sediment volumes as deltaic deposits creates an uplift of
the river water stage which coulthcrease the possility of flood on the
upstream areas during an intense storm episode.
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6.5Proposal for further research

U Firstly, it should be pointed odhat thee are several techniques such as cover
management and supptethniquesf the lande.g.cultivation patternswhich
could helpreduce the soil los®f the watershed of Kremastaat actully has
a surprisingly high value

U In order to minimize the uncertainties introduced by the empirical models that
calculate tle sediment yield, results @hld be enhanced byuture field
measurementghydrometeorological data, stage level, flow veloeityl water
discharge, suspended and bedded sediment yield, aggregate grading analysis)
and hydrographic surveys in order to proposesustainable sediment
managenent plan of Krerasta dam.

U Thepredictedl00-year dead Sv of 784 (Wnaccounts roughly for 17%f the
storage capacity of the reservditowever, the hydrographic survey of Zarris
(2019) showed that in 35 years only 66 throf sediment deposited. Eh
indicates the dif€ulty to predict sedima& transport and emphasizes the
necessityto reconsidethe methods teestimate the dead sediment volume

0 The present study revealed that in large resenaetta deposits predominate
it was not clear intte mst andtherefoe a change instrategy regarding the
design of the reservoir which affects thavater abstraction anthe inactive
storage of the dajshould beappliedso thafutureprojects are more sustainable
in monetary and environmental terms

U A further research rpject couldinvolve the performance of aediment
transport analysis for the whole reservoirand not jusfor Acheloos part, so
that a comparison between the riversoé c
reservoirwill be held.

U0 Anothe proposal woulde torestart the sediment discharge measurements
in the four rivers of the aaein order to reconsider the flesediment load rating
curves using a bigger dataset.

U Considering that the present study predictexd @Po of the storageapaity of

Kremastaeservoir will be covered with sediment by 208&dging works or
sediment absraction might be needed to free some of the capacity.
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Appendix

Table A.1: Field measurements of flow and sedimieaid at Kremasta area
(Obtained by Zarris, 2019)

Date Flow (m3/s) Sediment Flow (kg/s)
22/1/1964 85 7.92
23/1/1964 88 11.75
24/1/1964 85 6.79
25/1/1964 80 6.72
26/1/1964 79 845
27/1/1964 76 056
20/1/1964 70 6.78
30/1/1964 73 10.37
31/1/1964 86 38.19

1/2/1964 101 2546
2/21964 101 33.80
15/2/1964 800 3460.65
16/2/1964 352 581.02
17/2/1964 205 190.39

28/2/1964 230 27431
1/3/1964 775 806.71
2/3/1964 1780 12004 01
3/3/1964 1150 6585.65

Table A.2: Field measurements of flow and sedimleaid at Mesochorarea
(Obtained by Zarris, 2019)

Date Flow (m3/s) Sediment Flow (kg/s)
12/12/69 50.08 2.82
12/17/69 55.95 2905
4/10/70 513 341
4/13/70 7997 10.17

207172 18.25 0.54
2/14/72 4252 1.11
2/24/72 42 49 204

5/3/72 36.61 2.36

6/7/72 11.88 042
6/14/72 03 028
2/24/73 25.66 0.78
2/26/73 3455 1.25
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Table A.3: Field measurements of flow and sedimleaid at Avlaki area
(Obtained by Zarris, 2019)

Date Flow (m3/s) Sediment Flow
(kg/s)
11/7/66 1109 88.09
6/3/67 37.67 1.15
6/16/67 26.57 8.86
6/4/68 117.32 §2.83
6/15/68 31.26 3.09
125167 80.42 19.32
3124/67 44.79 2.19
3/28/67 46.27 1.56
4/8/67 4134 1.34
4/12/67 78.66 8.08
4/17/67 113.05 31.53
420167 88.97 16.41
524/67 67.07 6.29
3/27/68 82.86 5.58
4/4/68 109.34 1483
5/9/68 59.71 1.92
5/29/68 46.59 29
1/13/69 4935 451
1/17/69 162.18 72.09
1/20/69 86.13 13.59
1/24/69 50.16 517
4124/69 14127 718
4/29/69 108.43 21.39
12/17/69 196.24 93.23
126/70 67.83 34
12770 62.42 21
4/13/70 147.43 46.26
4/15/70 98.98 95.15
1272170 2432 2
1277170 18.05 1.17
9122176 6.2 0.14
4/12183 65.15 128

Table A.4: Field measurements of flow and sedimleaid at Megdovasarea
(Obtained by Zarris, 2019)

Sediment Flow
Date Flow (m3/s) (ke/s)
7/112000 141 0.36
12/122000 11.48 0.06
16/1/2001 31.66 0.05
6/2/2001 61.97 0.15
6/3/2001 1033 0.57
3/4/2001 28.62 0.03
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Figure A.1: Evolution of the deposits at Kremasegervar (Acheloos part) from 1966 to

1971 (HECGRAS 5.0.7)
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Figure A.2: Evolution of the deposits #remasta reservoir (Ache
1976 (HECGRAS 5.0.7)
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Figure A.3: Evolution of the depsits at Kremasta reservoir (Acheloos parin 1966 b
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Figure A.4: Evolution of the deposits at Kremasta reservoir (Achepaot from 1966 to

1986 (HEGRAS 5.0.7)
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Figure A.5: Evolution of the deposits at Kremasta reservaghgeloos part) from 1966 to
1991(HEC-RAS 5.0.7)
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Figure A.6: Evolution of the deposits at Kremasta reservoir (Acheloos part) from 1966 to
1996 (HECRAS 5.0.7)
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Figure A.7: Evolution of the deposits at Kremasta reservoir (Acheloos part) from 1966 to

2001 (HEGRAS 5.0.7)
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Figure A.8: Evolution of thedepaits at Kremasta reservoir (Acheloos part) from 1966 to

2006 (HECRAS 5.0.7)
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Figure A.9: Evolution of the deposits at Kremasta reservoir (Acheloos part) from 1966 to
2008 (HEGRAS 5.0.7)
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Figure A.10: Cumulative diagranof the bed changdsom 1966 © 2008 (HEGRAS 5.0.7)
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Table A.5: Hydrodynamic characteristics of tfiest part of theresevoir at the day with the
highest inflow (1136,7 Ats) (HEC-RAS5.0.7)

Reach River 5ta |Profile Q Total | Min Ch Bl [W.5. Blev| Crit .5, | E.G. Blev |E.G. Slope| Vel Chnl |Flow Area| Top Width|Froude £ chi
mis) | m | m | ) | m | mm) | mis) | 2 | m)
axonas_acheloou| 39200 |05Dec1976 1000} 1136,70; 273.43 280,76 280,76 232,20 0.006853 5.32 21374 74.84 1.00
axonas_acheloou|38800 |05Dec1s7e 1000| 1136.70 273.08) 278.64 378.93 0.003096 2.37| 478.76 32540 0.83
axonas_acheloou|38400  [05Dec1a7e 1000| 1136700 267.03  278.11 278,33 0.000836 208 54668 153.77 0.35
axonas_acheloou[38000  [05Dec1o76 1000| 113670 265,79 27534 27534 277.41 0.006748 638 17819 43.74 1.01
axonas_acheloou| 37600 |05Dec1976 1000| 113670 267.08  273.05 273,19 0.001155 167 68108 369.04 0.39
axonas_acheloou[37200 | 05Dec1a76 1000| 113670 262,51 27279 272,31 0.000455 157 72467 21347 0.27
axonas_acheloou| 36800 |05Dec1976 1000| 1136.70) 262.58 27111 272,40 0.003540 5.04 22556  39.29 0.67
axonas_acheloou|36400 | 05Dec1o76 1000| 1136.70) 259.61  269.45 37068 0.005222 492 23088 64.91 0.83
axonas_acheloou| 36000 |05Dec1a76 1000| 113670 257.26 268,20 269,41 0.002113 4,88 23297 2443 0.50
axonas_acheloou| 35600 |05Dec1976 1000| 113670 254.44 26720 268,51 0.002347 5.08 22373 2231 0.51
axonas_acheloou[35200 | 05Dec1a76 1000| 113670 254.93  266.06 26750 0.002644 5.32) 21384 22.63 0.55
axonas_acheloou[34800 | 05Dec1976 1000| 1136.70) 256,48 263,10 263.10 265.80 0.006548 7.27] 15626 29.01 1.00
axonas_acheloou|34400 | 05Dec1976 1000| 1136.70) 254.08  262.55 263,80 0.002345 495 22975  28.82 0.56
axonas_acheloou|34000  |05Dec1s7e 1000| 113670 250.15 262,74 363,16 0.000537 2.89) 39339  36.23 0.28
axonas_acheloou|33600  |05Dec1976 1000| 113670 255,11 26210 262,75 0.00235 3.5 319,14  9L12 0.61
axonas_acheloou|33200  |05Dec1976 1000| 113670 246,78 259,34 261,37 0.004281 631 180,13 17.81 0.63
axonas_acheloou[32800 | 05Dec1a76 1000| 113670 250.81) 256,43  256.43| 259,10 0.007362 7.24  157.08  29.40 1.00
axonas_acheloou|32000  |05Dec1g76 1000| 1136.70) 232.95  255.31 255,97 0.001136 3.61 31465  19.65 0.29
axonas_acheloou|31900.0%|05Dec1976 1000| 1136.70) 25125  255.39 355,77 0.001133 275 41263 10112 0.44
axonas_acheloou|31800.0%|05Dec1976 1000| 113670 25106 25537 255,65 0.000769 234 48645 113.06 0.3
axonas_acheloou|31700.0%|05Dec1976 1000| 113670 251.06 25534 255,56 0,000623 211 53941 127.08 0.33
axonas_acheloou[31600 | 05Dec1a76 1000| 113670 248.08| 253,57 253.16 255.23 0.004978 580 19615 4375 0.87
axonas_acheloou[31200 |05Dec1s76 1000| 1136.70 242,17  253.74 254,06 0.001076 2.52| 45183 115.05 0.41
axonas_acheloou|30934.19 |05Dec1976 1000| 1136.70 243.48  253.27 253,80 0.000774 3.23 35208 3758 0.34
axonas_acheloou|30400 | 05Dec1o7e 1000| 1136.70) 24113 25285 353,27 0.001140 2.88) 39427  86.62 0.43
axonas_acheloou[30000  [05Dec1976 1000| 113670 242.08) 25243 252,71 0.001492 233 48771  190.68 0.47
axonas_acheloou| 29600 [05Dec1976 1000| 113670 24116 25200 252,19 0,001015 191 594,25 23739 0.39
axonas_acheloou|29200 | 05Dec1s76 1000| 113670 241,34 25182 251,92 0.000414 143 797.25 25512 0.26
axonas_acheloou|28800 | 05Dec1976 1000| 1136.70) 24161 25178 251,83 0.000100 0,94 1208.26  250.15 0.14
axonas_acheloou|28400 | 05Dec1o7e 1000| 1136.70) 240.79 25180 351,81 0.000008 0,34 3322.92) 466.32 0.04
axonas_acheloou| 28000 [05Dec1a7e 1000| 113670 237.27 25180 251,81 0.000003 0,26 4336.92 465.42 0.03
axonas_acheloou| 27600 |05Dec1976 1000| 113670 235.92 25180 251,81 0000002 021 5403.04 49422 0.02
axonas_acheloou| 27200 [05Dec1g76 1000| 113670 237.46 25180 251,81 0.000001 0,15 769L21 64466 0.01
axonas_acheloou| 26800 |05Dec1a76 1000| 113670 234.72 25173 251,80 0.000015 0,68 1664.68 126,10 0.06
axonas_acheloou| 26400 |05Dec1976 1000| 1136.70) 233.01 25178 251,78 0.000006 0,45 2545.77  184.77 0.04
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Table A.6: Hydrodynamiccharateristics of the second part of the reservoihatday with
the highest inflow (1136,7 #s) (HEC-RAS5.0.7)
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