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NPOAOIO2

H SutAwpatiki epyaoia auth anoTteAel TO TEAIKO KOUUATL TNE TIPOTTUXLOLKAG LOU
nopeiag otnv 2xoAn MoAwtikwv Mnxavikwv tou EBvikou Metoofiou NoAutexveiou.
MoAAG amod ta oTolXeia mou cupmnepAapBAvovTaLl 0€ AUTH TIPOEPXOVTAL OO
YVWOELG TIoU €Aafa KaTA TNV SLAPKELO TWV MEPACUEVWV TIEVTE ETWV, Kal LoLaitepa
arno tov Topéa Ydatikwv MNopwv kat MeptBaiiovrog.

Adoppun yla to 1610 to BEpa TNG epyaciag autrng anoteAel n avadopd tng
TEXVOAOYLOG TWV ONPAYYWV EKTPOTIAG PEPTWV OTO HABNUO «YOPAUALKEG
Kataokevég kat Dpdypata» amnod tov SL6AcKwVY Tou pabnuatog autou, K. Avdpéa
Evotpatiadn, Enikoupo KaBnyntn E.M.M., o onolog kat eméBAee TNV
OUYKEKPLUEVN SUTAWUATIKN epyacia. OL TapaATNPROELG TOU OXETIKA LE TIOAAATIAQ
TuApata Tng Stadikaoiag mou akoAouBnbnke cuvedpapav KaBopLoTIKA oTNV
BeAtiwon tng epyaciag avtng. OUTwE i AAAwWC, n WO€a TNV omoia uAomoinoa yla
TOV SLOXWPLOUO NUEPNCiwV BpoxomTwoewy o€ BApata LECw TNG LEBOSOU TwV
OUBPLWV KAUTTUAWVY NTaV KOTOTY LK Tou tpotacnc. Emiong, Tov euxapLlotw
Bepud YEVIKOTEPQ YLO TNV CUVOPOLN TOU KOTA TNV EKTIOVNON TNG SUTAWMATIKAG
HOU gpyaoiog autng Kabwg Kot yLo To Yeyovog OtL Bewpnoe BeTIkn TNV onvABeLd
pou va epdavifopat kaBe AAAn eBéopada pe pla teAeiwg dStadopeTiki
urtoAoyLlotiki Stadikaoia amno tnv mponyouHEvn.

TEAOG, EUXAPLOTW TNV OLKOYEVELA OV, KaBwG Ko Toug ¢piAoug Hou, Ttou UE
urtootnpLéav kab’oAn tnv SLAPKELD TWV OTIOUSWV HOoU.

Kepepidbng Maptog
ABnva, NoguBplog 2024
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Abstract

The present project aims towards the development of a procedure for the
calculation of, first, the sedimentation at the reservoir of a dam and, second, the
annual cost of damages that a sediment bypass tunnel at such a reservoir would
incur during its operation under such a rate of sedimentation. The procedure is
purposefully made to be based on simplistic input data so that it is usable even
when extensive field surveys at a reservoir site have not, or cannot, be conducted.
Then, the end results based on that data can inform us on the following: 1)
whether the sedimentation rate at the reservoir is high enough to justify the
construction of a sediment bypass tunnel and 2) whether a sediment bypass
tunnel is a solution financially feasible in regards to its annual maintenance costs.
This project aims to showcase the aforementioned procedure based on the real-
life example of the Ladonas reservoir in Greece. That said, the process has been
made “open” enough to accommodate for the input data of any reservoir, if used
correctly.
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NEPINHWH 2THN EAAHNIKH

H mapoloa SUTAWHOTLKY epyacia oToxeVEL 0TNV avantuén pag dtadkaolag yo
TOV UTTOAOYLOUO, TIPWTOV, TNG ELCPONGC GEPTWV CTOV TAULEUTHPA EVOG PPAYLOTOC
Kal, SEVTEPOV, TOU €TNOCLOU KOOTOUG TwV {NULwV TIou Ba tpokaAoUVTaV OE pLa
onNpayya eKTPOTG GEPTWVY CTOV (810 TAULEVUTHPA KOTA TNV AELToupyila TnG eV’
AOyw onpayyag UTtO TOV PONYOU UEVWE UTIOAOYLOUEVO puBbuod elopong peptwy. H
Sadikaoia £xel okomipwg oxedlaotel £tol wote va Baciletal og amAoika
debopéva eloodou Kal £T0L va Umopel va xpnotpomnotnBel akopn kot otav dev
gxouv Ste€axBel, ) dev umopouv va die€axbolv, EKTETAUEVEG ETUTOTILEG EPEVUVEC
OTNV TEPLOXN EVOC TOULEUTAPA. TNV CUVEXELQ, T TEALKA OTTOTEAECUATA TIOU
Baoilovtal ota dedopéva autd Umopouv va pag mAnpodoprnoouy yla ta €€ng: 1)
€AV 0 pUBUOC ELOPONC GEPTWV OTOV TAULEUTHPA Elval APKETA UPNAOC WOTE va
SLKOLOAOYEL TNV KATOOKEUN ULOC O payyas EKTPOTG GEPTWV KAl 2) €AV L
onpayya eKTpomn ¢ pepTwV lval pla AVON OKOVOULKA £LKTH 6oV adopd TOo
ETAOLO KOOTOG GUVTAPNONG TNG. AUTH N EPYACLOL GCTOXEVEL OTO VA TTOPOUGCLACEL TNV
npoavadepBeioa dtadikaoia pe BAon TO MPAYUATIKO TTAPASELYUA TOU
taptevtnpa Adadwva otnv EAAada. Map’ 0Aa autd, n dStadikacia ExeL yivel apkeTd
"avowtn" wote va duvatal va Asttoupynoel pe ta Sedouéva elcodou
OTIOLOUSNTIOTE TAULEVUTAPA, EAV XpnOLUoToLNOel opOa.
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Chapter 1 — Introduction

1.1 General Information

Dams are universally not only a secure and reliable source of water for irrigation
and water supply but also for production of electricity at a scale that is not
currently attainable through any other renewable energy source. However, the
opposition towards the construction of new dams and the plethora of negative
reactions towards existing ones, stem from a painfully obvious point: when one
blocks the flow of a river with a considerably sizeable construction what should go
downstream, does not, in fact, arrive there anymore. And indeed, the more
complex problems caused by dams can be summarized into that previous
statement. Those are, among others, the forced stabilization of downstream flow,
the prevention of movement of migratory river fish, and-more importantly in
regards to this project-the sedimentation of the reservoir. The former two issues
have their own complexities: the allowed environmental flow must vary
depending on the expected monthly rainfall and then fish ladders and elevators as
well as other similar solutions are neither easy to plan or build and require designs
specific to the situation of each dam. However, both of those problems, whilst
undoubtedly crucial, do not endanger the very existence of a dam’s reservoir
itself; sedimentation does. And with an average worldwide sedimentation rate of
0.96%[32] there is more than good enough reason for effective measures against
this problem to be investigated.

Unfortunately, sedimentation is a whole system of a problem that is difficult to
accurately calculate and predict. Let alone that, all the solutions widely used to
mitigate it are mostly temporary in nature: dredging, sluicing, flushing, usage of
check dams to retain part of the inflowing sediment, etc. The question is whether
it is worthwhile to engage in such short-term measures or if we should endeavor
for something more permanent, that being the subject of this project, namely,
Sediment Bypass Tunnels(SBTs).

The answer to that is not that simple, but, as with many things dam-related, it
mostly comes down to cost and benefit. The main issue with SBTs is that their cost
does not simply amount to the cost of construction of a long tunnel often through
difficult terrain. Instead, SBTs come with a sizeable annual maintenance expense,
because sediment flowing through a tunnel can be and is quite destructive. As for
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the benefits, first and foremost SBTs are the only permanent solution to the issue
of sedimentation. Once placed they have the potential to divert nearly the
entirety of inflowing sediment. That is why they should be preferably built parallel
to the construction of a new dam so that the reservoir of said dam might never
experience sedimentation in the first place. That said, SBTs can always be built for
existing dams. Moreover, a sediment bypass tunnel doesn’t sorely remove
sediment. Instead, it transports it back into the main river flow downstream of the
dam in a constant manner quite alike to how it would be transported if the dam
did not exist in the first place. This is of major use in the prevention of erosion of
the river ecosystem downstream and is even more important in the cases of river
deltas near lakes and seas, which suffer the most from lack of sediment
transported from upstream.

With all the above in mind, it becomes clear that SBTs are the most effective
solution to the problem of sedimentation and thus the equation that must still be
solved is in regards to cost reduction. In that regard, the design and construction
costs of the tunnel itself are, at a base level, dependent upon the decision
between a short or a long diversion tunnel. A short diversion tunnel, or, better
said, a diversion tunnel whose entrance is somewhere within the bounds of the
reservoir, is obviously much cheaper to build but suffers from a higher rate of
destruction and requires careful operation in order to facilitate sediment diversion
in an acceptable manner.

On the other hand, a tunnel whose entry point is at the entrance or before the
entrance to a dam’s reservoir will be of a significant construction cost due to its
sheer length. At the same time, such a long tunnel requires a lot less supervision
to function adequately and is cheaper to maintain. Whichever of the two options
is chosen however, the construction cost will still be noticeably high though that is
no different to similar works concerning dams, such as fish ladders or a dam itself.

Therefore, the main goal, and the final objective of this project, should be to
predict the annual cost of maintenance of a sediment bypass tunnel due to
damages caused by the diverted sediment, a cost which, in turn, will be the main
indicator of the overall usefulness of a sediment bypass tunnel especially when
seen in comparison to other sediment control measures.
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Of course, calculating this annual expense requires a lengthy analysis that must
start from a basic input point, that being the rainfall, and eventually moving all the
way to the volume of construction material lost per annum from the sediment
bypass tunnel. To better observe this whole process, it has been split into the
following five parts with each one of those being represented by one of the
chapters of this technical essay:

= Rainfall IDF Curve Methodology for Regular Rainfalls

= Determination of Rainfall Limits for Sedimentation

= (Calculation of Yearly Sedimentation via R.U.S.L.E

= (Creation of a Tunnel Flow Model

= (Calculation of Tunnel Material Loss due to Sediment Flow

In order for those parts to be more constructively presented, they will be viewed
via a hypothetical example which is the reservoir of the Ladonas dam in the region
of Arcadia in Greece. Essentially the various calculations have been conducted for
the case of a sediment bypass tunnel operating for that specific area of interest
and hence with the input data of that area specifically. Be that as it may, the
process is only presented through this area of interest as an example without
being specific to that dam’s situation as it is constructed in such a way that makes
it applicable in other potential cases also.

1.2 Project Outline

Based on what was just mentioned in 1.1 the decision was made to split this text
into the following chapters:

-Chapter One: Introduction and General Information

-Chapter Two: Area of Interest — Ladonas Dam Reservoir

-Chapter Three: Rainfall IDF Curve Methodology for Regular Rainfalls
-Chapter Four: Determination of Rainfall Limits for Sedimentation
-Chapter Five: Calculation of Yearly Sedimentation via R.U.S.L.E

-Chapter Six: Creation of a Tunnel Flow Model

-Chapter Seven: Calculation of Tunnel Material Loss due to Sediment Flow

-Chapter Eight: Conclusions and further research
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Chapter 2 - Area of Interest — Ladonas Dam Reservoir

Figure 1: View of the Ladonas Dam

The Ladonas dam and its hydro-electric power plant was constructed in 1955 and
is located in the region of Arcadia, within the municipality of Gortynia and more
specifically within the municipal units of Kleitor, Kontovazaina and Tropaia. It
stands at 42 m of height from its base at 380 m to its dam crest at 422.4 m and
has a maximum reservoir volume and surface area of 47.85 hm3 and 4.31 km?
respectively at full capacity which is at a height of 420 m. Its installed capacity
stands at 70 MW.

In regards to this project in particular, the selection of the Ladonas reservoir as the
site under whose scope a potential sediment bypass tunnel would be viewed, was
not by chance. Sedimentation within the Ladonas reservoir has become a growing
issue recently especially as the dam enters its seventh decade of existence. The
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point of interest is therefore whether the rainfall data combined with R.U.S.L.E.
would paint a similar picture and if a sediment bypass tunnel would be viable in
terms of its annual repair cost in that specific location.

However, to calculate the repair costs, the construction material of the sediment
bypass tunnel must be first established. There are two options in this regard: 1)
reinforced concrete, 2) granite. The selection between the two depends largely on
the predominant form of destruction caused by the flowing sediment. If the grains
are mostly saltating then reinforced concrete is the most optimal option whereas
if they are mostly rolling then it is granite. By default, and in most river beds,
particles are mostly saltating rather than rolling or sliding and that was what was
assumed in this project also and hence reinforced concrete was chosen for the
tunnel invert of this project. Moreover, granite would be a difficult and highly
expensive option. Granite would need be mined near the dam site else it must be
transported there in tiles, the latter of which would be the case for the Ladonas
dam. Therefore, construction costs and future repair costs would become
exorbitant due to the procurement and transportation costs of the material itself.
In contrast the expense for the production, supply and placement of reinforced
concrete is relatively low.

Last but not least, a choice must be made in regards to the length of the tunnel or,
more precisely, whether the entrance to it will be within the reservoir or at the
reservoir head. Should the entrance be within the reservoir then the tunnel can
be of significantly smaller length and thus lower construction cost but will require
much more careful management as the reservoir must be emptied to below the
level of the tunnel’s entrance prior to a storm else it will not function at all. On the
other hand, if the entrance of the tunnel is at the head of the reservoir, then all
incoming sediment will be always diverted and without the need for constant
monitoring of the reservoir level for that to happen. In general, and whilst more
expensive initially, a longer tunnel is much less risk-prone and will function
without fail and thus it was what was chosen for this project.
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Chapter 3 — Rainfall IDF Curve Methodology for Regular
Rainfalls

In order for sedimentation to even be calculated in the first place, rainfall data are
required. More precisely hourly or 30-minute rainfall data need to be available as
sedimentation only occurs: a) above a threshold of total event rainfall, b) above a
rainfall peak and c) if the rainfall event is not interrupted, or in simpler words if it
does not start, end and then continue again. The margins for these three limits
will be determined in the next chapter of this project. The problem now is that
rainfall data within the area of interest are at best available for daily rainfall and
thus a methodology is required to split such rainfall into individual steps which can
then be compared against the limits mentioned previously.

The method chosen for this endeavour are the rainfall IDF curves through which
flood event rainfall is calculated based on a number of parameters, the step of the
rainfall calculations and the basin area based on the return period of the event.
The difference here is that the method will be used backwards. Instead of creating
a rainfall based on the return period of an event, the return period will be found
based on a known rainfall.

Essentially what is known is the daily rainfall from the data of two stations close to
the Ladonas dam, “AADONH(747)” and “NATKPATAIIKA KAAYBIA(766)” which in
turn was extracted from the data publicly available on hydroscope[1]. The first
step here is to find the weight of the measurements of the two stations and that is
noted as wi in the calculations. wi is found via a split of the basin area into two
Thiessen polygons on arcmap with the Thiessen polygon tool existing within that
program. The basin surface area is found by using the watershed tool of arcmap
on a dem file of Southern Greece itself downloaded from the SRTM 90m DEM
Digital Elevation Database[2]. The second step is to find the surface factor ¢ of the
last step of the rainfall. That is calculated based on the basin surface area, A, and
the step k of the last step which is equal to the total duration of the rainfall event,
or 24 hours in this case. The calculation of ¢ is achieved from the following
equation:
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Q= ma:»:{l — oS , {}.25} [3],
[4.1]

Then using the known weights, wi, the actual total daily rainfall in mm,
Htotal,d,obs, is found via multiplication of the rainfall value given by each station
with their respective wi and then by adding up those results. In order to force
even more conservative results on the final measurements, if one of the two
stations did not have data for a specific day or had recorded zero rainfall but the
other station had recorded a non-zero rainfall on the same day then the non-zero
recording was assumed as the final rainfall as is and without multiplying with that
station’s weight.

The total rainfall in mm that resulted from the aforementioned process and for
every single observation day is shown in the following diagram:

Total Rainfall Diagram
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Figure 2: Total Daily Rainfall in mm at the Ladonas subbasin based on observations and weight
of stations 747 and 766

The final total daily rainfall was then turned into the last step total hourly rainfall
in mm/h, Htotal,last, of that same day via division of the actual total daily rainfall
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by ¢ times the time of the last step in hours. The last step is essentially the total
duration of the rainfall event. In the final calculations a step of 2.4 hours was
assumed with an event length of 24 hours in total and thus the time of the last
step is 24 hours.

At this point we can find the return period of the rainfall event. We have the
following equation which finds the rainfall x in mm/h based on a number of
parameters, a, A, B, £ and n[4,3], the time of the step k in hours and the return
period, T in years.

_3 (T/B) -1 Eq. 2
TR Ak [4,2]

The goal here is to solve the above for the return period. The last step total hourly
rainfall will thus be the calculated x and thus k equals the time of the last step, or
24 hours in this case. However, before that, we require the parameters a, A, B,
and n. Now a and § both have a set value of 0.18. To find A, B and n we first
require the polygon data of those parameters from the site of YIIEKA. Once we
have those, we load them into arcmap and then clip them based on the
watershed drawn previously. We then use the attribute tables of our clips to find
the weighted averages of those values, which is calculated by the sum of each
value multiplied by the area it occupies and that divided by the total area. The
weighted average of each parameter is what will be used for A, B and n. Knowing
all necessary values we then solve the aforementioned equation for T and we find
the return period of each daily rainfall.

Once we have found the return period, T, of every rainfall we use that return
period along with the parameters we found and use the same equation to split
the daily rainfall into steps, which in this case are 2.4 hours long each. Then by
subtracting from every step the value of the previous one we find the rainfall that
fell during that step specifically. We then multiply that rainfall with the ¢ of that
step based on eq. 1 in order to receive the amount of rainfall distributed across
the basin area and that is, per 2.4-hour step, the rainfall value that we need so as
to facilitate the calculations for the sedimentation in the reservoir.
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Chapter 4 — Determination of Rainfall Limits for Sedimentation

Having established the methodology through which the daily rainfall observations
can be split into 2.4-hour steps of 24-hour events, we can now determine which
rainfall events will cause sedimentation and which will not. That is done based on
the requirements of R.U.S.L.E. for sedimentation to occur which have been
mentioned at the start of chapter 3. More specifically the limits stated by
R.U.S.L.E. are[5]:

1. Total event rainfall of at least 12.7 mm

2. A rainfall peak of at least 12.7 mm if each event step is 30 minutes or 6.35
mm if each event step is 15 minutes

3. Atotal rainfall of less than 1.27 mm during a 6-hour time frame splits two
consecutive events

Criterion 3 cannot be applied on the model of this project as the available data
provides daily rainfall and the split into rainfall steps is artificial and not observed.
Thus, checking if there is such a six hour gap with very little rain between days
with successive rainfalls is pointless as the rainfall length, 24-hours in this project,
is purely an assumption used to facilitate the artificial splitting of said daily rainfall
into individual, 2.4-hour in this project, steps. In other words, it is impossible to
know the rainfall event length just with the daily rainfall data and therefore it is
equally impossible to figure out whether the rainfall observed the next day is a
continuation of the rainfall that started the previous day or an entirely new rainfall
event.

Criterion 1 represents total event rainfall, which in this project is equivalent to
total daily rainfall since the event length is assumed to always be 24 hours and
thus it is used as is.

Criterion 2 cannot be applied as is. That is because of the rainfall step used, which
is 2.4 hours long instead of 30 minutes or 15 minutes long which are the steps
R.U.S.L.E. provides the previously mentioned limits for. The obvious question here
is why a 30- or 15-minute step wasn’t used so as to align with the limits provided
by R.U.S.L.E. The answer to that has to do with the methodology described in
chapter 3 itself. Rainfall IDF curves are designed by default to simulate a flood
event rainfall. However, the daily rainfall data which are split with this method in
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this project have in their vast majority not been observed during flood events but
rather regular, short time, low intensity rainfalls. That is also the most significant
issue with using the IDF curves as they are for this purpose: they were not
designed for this task. To alleviate this problem and force the IDF curves to project
non-flood rainfalls it is necessary to have a longer step as it causes the model to
consolidate most of the rainfall amount within the first few steps as would be
expected in such rainfalls with small return times.

Even so the method still has a major flaw as it assumes that both smaller and
larger rainfalls have the exact same length which is simply not the case. A rainfall
of a total of, for example, 20 mm will not last 24 hours but can possibly be as short
as 2 hours. On the other hand, a rainfall of 100 mm can last 24 hours but both of
them will be split evenly in this method. This in turn explains the rainfall peak
chosen in this project which is 4.5 mm, less than even the 6.35 mm of a 15-minute
step rainfall event. The idea behind the small peak limit is to consider smaller
rainfalls which would create sediment flow but would not have otherwise been
counted due to how they are arranged by the method of chapter 3. Via the
combination of a longer step and a smaller peak limit the inclusion of all possible
sedimentation events based on an artificial rainfall split is made possible without
the possibility of exclusion of smaller rainfalls.

Of course, the whole process for the consideration of criterion 2 requires more
research and data analysis for more accurate limits to be produced. Unfortunately,
| do not possess the equipment with a processing power sufficient to accomplish
that and this specific matter deserves an entire future project of its own.

All the above said, it is still necessary to acquire an indication of whether the
combination of the methodology used to split the daily rainfall with the
sedimentation limits applied lead to a reliable result. That indicator is the number
of days per year during which sedimentation has occurred which is the same as
the number of events/days during which criteria 1 and 2-since criterion 3 is not
used-are fulfilled. In this project that number is calculated at 48.84 days per year.
By comparison the Mud Mountain dam in the U.S. has about 83 erosion days
observed in it per year[6]. Thus, the number of erosion days calculated was of the
expected scale and therefore the rainfalls that passed the two criteria checks used
were considered acceptable for the calculation of the sedimentation.
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Chapter 5 — Calculation of Yearly Sedimentation via R.U.S.L.E.

With the necessary rainfall data for the usage of R.U.S.L.E. obtained, the next step
is to calculate the various factors of the R.U.S.L.E. model. Those can be obtained
via already existing maps and diagrams but it was thought as more beneficial to go
through the entire detailed process in this project. Whatever the case, the factors
to be calculated are the following:

5.1 The rainfall erosivity factor, R

5.2 The soil erodibility factor, K

5.3 The topographic factor, LS

5.4 The land coverage factor, C

5.5 The erosion control/protection factor, P

5.1 The rainfall erosivity factor, R [7]

We will begin the process with the rainfall erosivity factor since that is tied directly
to the rainfall data inputs. R is calculated from the following expression:

1nm;

—ZZ EJ‘3[] Eq. 3

j=1 k=1

.'.3

In eqg. 3 Ris calculated in (MJ mm ha-1 h-1 month-1). However, due to the fact
that each rainfall event is contained within one day and because of the fact that
the data sheet is arrayed with daily rainfalls, it is both more accurate and more
practical to find R directly as yearly rather than monthly and hence to calculate it
in (MJ mm ha-1 h-1 year-1). This also requires a change of eq. 3 as mj is no
longer necessary. mj denotes the number of erosive events in one month.
However, since the set function already excludes non-erosive days and the
calculations are for an annual R, that is unnecessary. The calculations are
conducted individually for each and every erosive day and they are then summed
up before being divided by the total amount of observation years, which would be
n in this case, which ultimately results in the annual R.
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However, the calculation of this yearly R is still dependent on EI30 just like with a
monthly R. EI30 is calculated as follows:

Elzg (Zerw) o Eq. 4
r=1

In eq. 4 vris the rainfall volume in mm during each time step of an event, or of a
day in this project, and 130 is the maximum rainfall intensity in mm*h-1 during a
30-minute interval. That said, since the time step is 2.4 hours in this project, 130 is
the maximum rainfall intensity during a 2.4-hour interval or, in other words, the
rainfall intensity of the rainfall step that is the peak of the rainfall event. Then, er
represents the unit rainfall energy in MJ*ha-1*mm-1 and is in turn calculated as
follows:

e; — 0.29]1—0.72 exp(—0.05i,)] Eq. 5

Here ir is the rainfall intensity during each time step in mm*h-1. In this project in
particular, er*vr was found for every step of every daily rainfall, then the er*vr of
every step was summed up and that sum was multiplied by the 130 of that daily
rainfall event. Then the results of that process gave the daily R whenever the
rainfall was deemed erosive based on the criteria detailed in chapter 4. If that
day’s rain was not deemed erosive then the resulting EI30 was discarded for that
day. Following that, all valid EI30 results were summed and their sum was then
divided by the number of observation years, thus providing the average annual R
in MJ mm ha-1 h-1 year-1. In this project the annual R was found to be 904.71
MJ mm ha-1 h-1 year-1 which is much higher than the R found in the closest
station to the Ladonas reservoir, the station at Tropaia which has a recorded R of
about 570 MJ mm ha-1 h-1 year-1[7,2]. However, 904.71 MJ mm ha-1 h-1
year-1 is meant to be an R representative of the average R for the entire Ladonas
watershed and when looking at the area covered by that watershed on the R-
rainfall erosivity maps of the R.U.S.L.E. model we can see that said area contains
regions with an R ranging from 500 to 1000 and with the majority of them being
within areas with an R of 610 to 730 or 730 to 900 with a few areas being in the
900 to 1300 range in the western and southern parts of the subbasin of the dam.
Due to that range of R coverage the calculated R of 904.71 MJ mm ha-1 h-1
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year-1 is fairly reasonable. The total observation years and the average yearly R
are also shown in the table below:

Table 1: Total number of years with observed rainfalls and the average yearly R calculated from
those

Total Years 72,11
Total{Average Yearly) R{MJ*mm/{ha*h*year]) 904.71

The rainfall erosivity map referenced above is the following one:

(MJ mm) / (ha h yr)

B - a0

B 240-410 ’

[ 410-490

[ J490-610

[ ]eto-730

[ 730- 500

B soo - 1.200
N > 1300

Figure 3: R-factor high resolution(2015)
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5.2 The soil erodibility factor, K [8]

The soil erodibility factor is derived from the algebraic approximation proposed by
Wischmeier and Smith (1978) and Renard et al. (1997) and which is based on five
soil parameters namely the texture, the organic matter, the coarse fragments, the
structure, and the permeability. The aforementioned equation is the following
one:

K= [(2.1 x 10 M1-14 (12 - OM) +3.25 (s -2) + 2.5 (p- 3) ) / 100 ] * 0.1317 Eq. 6

In eq. 6 we have the following values:

a) M, the textural factor which is equal to the fraction of silt content(msilt(%))
plus the fraction of very fine sand content(mvfs(%)) and then that
multiplied by 100 minus the fraction of clay contant(mc(%)).

b) OM(%), the percentage of organic matter in the soil

c) s, the structure class of the soil which comes in 4 categories: s=1: very fine
granular, s=2: fine granular, s=3, medium or coarse granular and s=4: blocky,
platy or massive

d) p, the permeability class whose lowest value is 1, meaning very rapid
flow/high permeability, and whose highest value is 6, meaning very slow
flow/low permeability.

To find the textural factor M what we need to know are the contents of the soil in
silt, very fine sand and clay. Clay are grains with an average diameter of less than
0.002 mm, silt with 0.002 to 0.05 mm and very fine sand with 0.05 to 0.1 mm. A
hydrologic soil group map was obtained from NASA’s open data portal[9] and was
then cut down to the outline of the watershed already created previously on
arcmap. Within the cut map only the hydrological groups C and D existed with but
a few dots being of group D. Thus, the total percentage of HGC-C to the total
coverage was calculated and that was roughly 99.88%. Category D would lower
the amount of very fine sand and raise the amount of clay and thus the
calculations were adjusted based on the percentage of HGC-C to the total
coverage by multiplying the fine sand percentages of HGC-C, 45%, with the
aforementioned percentage 99.88% and then adding 100-99.88% to the clay
percentage of HGC-C, 30%. Notably 30% is the average of the extreme ends of
possibly clay percentage in HGC-C which are 20 and 40%. Afterwards the final
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percentages of clay and fine sand were added and then subtracted from 100 thus
outputting the percentage of silt within the soil as it is the intermediate kind of
soil between clay and very fine sand. In the end there was 30.035% of clay,
25.018% of silt and 44.947% of very fine sand. This in turn results in an M equal to
4895.058.

The organic matter content was obtained from the “Organic Matter in the Soils of
Southern Europe” by Pandi Zdrouli, Robert J. A. Jones and Luca Montanarella[10].
More specifically figure 4 of that report shows the organic carbon content of
southern Europe and for the area of interest we can observe that it is exclusively
within the low organic carbon category, or, in other words, the area of interest has
0OC<2%. This in turn means that the topsoil has low(<2%) or very low(<1%) organic
carbon. In turn OC<=1% means OM<=1.7% and OC<=2% means OM<=3.4%. Given
the lack of any more detailed data sets for the watershed for the area of interest
of this project, an OM of 3% was assumed in this case as it is neither too low nor
too high a figure and it is, in any case, within the low OC category.

For s an estimation was made based on the region where the watershed is
located, that being the mountainous part of northern Arcadia. With that in mind, s
was set to a value of 2 meaning a soil structure that is fine granular.

For the permeability class, p, and as we can observe from the percentages of clay,
silt and very fine sand noted previously, the soil within the area of interest has a
texture which can be categorized as being between a loam and a sandy loam
texture. That conclusion comes from the fact that there is more sand than clay
and silt but at the same time the amount of clay is comparable and slightly higher
than the amount of silt. A sandy loam texture has a p=2.5 whilst a loam texture
has a p=1.3[11]. Considering that the amount of sand is still quite higher than the
amount of clay, the texture is probably closer to a sandy loam texture than to a
loam one and thus an intermediate value closer to that of a sandy loam was
selected and that value was p=2.

Last but not least and since Ladonas is a dam in Greece which in turn is a
Mediterranean country, the stoniness of the ground must also be considered since
it plays a major role in the reduction of soil erosion in southern European
countries. The average reduction in soil erosion due to stoniness in southern
Europe is estimated at 15% and that is the reduction assumed within this project
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also. With all the above in mind the final K factor has been calculated to be 0.031
which is fairly reasonable for the Ladonas watershed since that area is in the
regions of 0.02-0.028 and 0.028-0.033 on the R.U.S.L.E. K-factor map. The overall
values and parameters of the aforementioned calculations can be seen in the

following table:

Table 2: K-factor calculation table

Kst|{Correction of K factor due to Stoniness}{Average Reduction in %) 15.00%5
Afkm2) F93.87
km2 to mi2 0.29
Afmmi2) 306.43
ps{t/m3) 1.6
SDR 0.21
Balance towards HSG-C 1.00
Clay Fraction Content(<0.002 mm) mc{%a)
Silt Fraction Content{0.002-0.05 mnm} misilt{ %)
Very Fine Sand Fraction Content{0.05-0.1 mm}) mvfs({%a)
Textural Factor A
Organic Matter Content oM %5 )
Soil Structure Class{l:wery fine granular-A:blocky, platy or massive) s
Permeability Class(1l:very rapid-G:very slow) ]

Soil Erodibility{{t*ha*h)/{ha®*MJ*mm)) K

30.04
25.02
44,95
A4895.06
3

2

2

0.021

The R.U.S.L.E. K-factor maps with and without stoniness taken into consideration

can be seen below and in the next page:

K-factor
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Background image: ESRI Waorld Terrain Base

Figure 4: K-factor high resolution(2014) (Without stoniness)
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Figure 5: K-factor incrorporating Stoniness

5.3 The topographic factor, LS [12]

As the abbreviation for this factor suggests LS is a multiplication of L times S where
L is the average length of the slope within the watershed and S is the average
gradient of the slope within that same watershed. In turn L is derived from the
following equation:

.-l'k m
L=(53) Eq. 7

In eq. 7 A is the weighted slope length and m is a factor dependent upon the
weighted slope s in %. In particular, m is equal to 0.5 if s>=5% or 0.4 if s=3 to 4% or
0.3 if s=1to 3% or 0.2 if s<1%. For the calculation of A the slope length tool of
arcmap was used for the area of the watershed. Then the results were extracted
into an excel sheet. The results include a slope length column and a column with
the amount of cells that contain each slope length. Then a third column is created
that calculates the multiplication of the values of the previous two columns. The
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sum of that third column divided by the sum of the second column is the
weighted average of the slope length in meters.

For the slope s(%) the slope tool of arcmap was used and the resulting values
were processed in excel in the exact same way as with the slope length. The
resulting value for the slope however is in degrees. That value is then translated to
radians before its tangent is found and that is divided by the tangent of 45

degrees in radians and the result of that is multiplied by 100 thus giving us the
weighted slope in %. In this project the calculations yielded a slope length of 16.72
m and a slope of 22.18% and thus m is equal to 0.5 since s is over 5%. With m and
A known, eq. 7 was used and the resulting L was 0.87. Last but not least the slope
gradient factor is calculated from the following equation:

o 0.43+0.35+0.043s" Eq. 8
6.574 [13]

In this project and using eq. 8 S was found to be equal to 4.30. After multiplying L
and S the resulting LS is equal to 3.736 which is a fairly reasonable number since it
is close to the average LS for Greece which is 3.79 and it also is within the range of
3 to 5 which is characteristic for the region around the Ladonas dam based on the
R.U.S.L.E. LS factor map. All results regarding the LS-factor can also be viewed in
the table below:

Table 3: LS-factor calculation table

LS{Greek Average) Ls 3.79
Allength of slope){m) 16.72
m(factor due to slope) 0.5
L{Slope-length factor) 0.87
Mean s{Slope)(*) 22.18
S(Slope-gradient factor) 4.30
LS{topographic factor) 3.74

The R.U.S.L.E. LS factor map can be seen in the next page:
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Figure 6: Slope length and steepness factor (LS-factor) in the European Union

5.4 The land coverage factor, C [14]

The first consideration for factor C is whether the land in question is arable or not.
The issue here is that the watershed of the Ladonas dam contains both arable and
non-arable land. Once a Carable and a Cnhon-arable have been calculated, a
weighted average based on the coverage of each kind over the entire watershed is
created. That weighted average is the factor C that will be used in the R.U.S.L.E.
calculations of this project.

To calculate the Carable, the coverage and kind of the crops cultivated within the
Ladonas watershed must be known and whilst there is no data for the Ladonas
watershed in particular, there is enough data for the region of Arcadia within
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which the Ladonas watershed is located. Unfortunately, the R.U.S.L.E. model crop
categories do not include all possible kinds of crops or rather, they are general
categories whilst the available data denotes crop plants individually by their
scientific latin names. Therefore, each and every crop plant has to first be
matched to one of the categories of the R.U.S.L.E. model. The R.U.S.L.E. categories
have been condensed into the following table where all categories with the same
Ccrop are placed in the same line.

Table 4: Crop Categories Reference Chart

Ccrop Categories Reference Chart

Mumber Type Ccrop
1 Rice 0.15
2|Common wheat and spelt - Durum Wheat - Rye l 0.2
3 Barley 0.21
4 Linseed 0.25
5 Qilseeds- Soya 0.28
6 Rape and turnip rape 0.3
7 Dried pulses (legumes) and protein crop - Sunflower Seeds 0.32
& Potatoes - Sugar Beet 0.24
9 Grain maize —corn 0.38
10 Tobacco 0.49
11 Cotton seed - Fallow Land 0.5
12 Other{Grapevine-Vineyard) 0.3

The crops found in Arcadia have been obtained from the genesys database[15]
and have been matched to the most suitable category(Cat. No.) of the above table
as shown in the following tables. These tables also include the number of
accessions (Amount column) that each crop kind was found being cultivated in as
well as the percentage of that amount to the total number of recorded accessions
(Amount(%) column). Last but not least the corresponding Ccrop of each crop kind
based on the category that each crop was matched to is also listed.
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Table 5a: Kinds of crops in Arcadia and corresponding Ccrop numbers, a: Cereals, grasses

Cereals, grasses Amount Cat. Mo. Amount{%) Ccrop
Aegilops comosa Sm. 3 2 1.62 0.2
Aegilops lorentii Hochst. 2 2 1.08 0.2
Aegilops triuncialis L. 1 2 0.54 0.2
Dactylis glomerata L. a 3 2.16 0.21
Festuca arundinacea Schred. 1 1 0.54 0.15
Haynaldia villosa (L.} Schur. 1 2 0.534 0.2
Hordeum bulbosum L. 1 3 0.54 0.21
Lolium perenne L. 5 2 2.70 0.2
Lolium sp. 1 2 0.54 0.2
Triticum aestivum L. 3 2 1.62 0.2
Triticum durum Desf. 2 2 1.08 0.2
Zea mays L. 34 2 18.38 0.2
Subtotal 58

Table 5b: Kinds of crops in Arcadia and corresponding Ccrop numbers, b: Pulses and other
legumes

Pulses and other legumes Amount  Cat. Mo. Amount(%) Cocrop

Cicer arietinum L. 11 7 5.95 0.32
Lathyrus sativus L. 4 7 2.16 0.32
Lens culinaris Medik. 14 7 7.57 0.32
Lens esculenta Moench. 1 i 0.54 0.32
Medicago coronata (L.) Bartal. 1 7 0.54 0.32
Medicago orbicularis (L.} Bartal. 3 7 1.62 0.32
Medicago sp. 4 7 2.16 0.32
Medicago truncatula Gaertn. 2 7 1.08 0.32
Phaseolus vulgaris L. 3 7 1.62 0.32
Trifolium alexandrinum L. 3 7 1.62 0.32
Trifolium repens L. 3 7 1.62 0.32
Vicia ervilia (L.} willd. 4 ) 2.16 0.32
Wicia faba L. B8 ) 4.32 0.32
Wicia sativa L. 13 7 7.03 0.22
Wicia sativa L. subsp. Sativa 2 7 1.08 0.22
Wicia sativa L. subsp. sativa var. obovata Ser. 1 i 0.54 0.32
Subtotal 7y

Table 5c: Kinds of crops in Arcadia and corresponding Ccrop numbers, c: Vegetables and wild
edibles, Other crops, Full Total Amount of Accessions recorded

Vegetables and wild edibles Amount  Cat. No. Amount{%) Ccrop
Brassica cretica Lam. 4 6 2.16 0.3
Lactuca serriola L. 2 8 1.08 0.34
Brassica cretica Lam. subsp. laconica Gustafs. and Snogerup. 1 6 0.54 0.3
Subtotal 7

Other Amount  Cat. No. Amount(%) Ccrop
Grapevines 43 12 23.24 0.3
Subtotal 43

Full Total 185
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At this point it should be noted that an accession does not translate directly to any
specific area coverage. That said all accessions have been assumed to be of the
same or similar size and thus the percentage of each crop based on the number of
accessions it was found in was then used to find the coverage of each crop by
multiplying the percentage amount of accessions of each crop with the total
surface area covered by arable land within the Ladonas subbasin. The
determination of the surface area covered by arable land will be explained in the
calculation of Cnon-arable as it is essentially the entire subbasin area minus the
non-arable area within that subbasin.

However, for the calculation of a general Ccrop for the region of Arcadia, the
knowledge of the area coverage is not necessary. The basic calculation of Carable
is simply a multiplication of Ccrop by Cmanagement.

Cmanagement is a condensation of the various agricultural practices which can
control the amount of erosion within agricultural land. More specifically that
reduction can be due to tillage practices, plant residues and/or cover crops. A
multiplication of the three factors, Ctillage, Cresidues and Ccover, leads to the final
Cmanagement.

For Ctillage we must consider the tillage practices used in the region.
Unfortunately, there is no data for the agricultural areas within the Ladonas
subbasin. The R.U.S.L.E. Ctillage map indicates a reduction of C of 22% to 30% due
to tillage practices for the region of Arcadia. However, that’s most likely
inapplicable to the largely mountainous subbasin of the Ladonas dam. Instead, a
worst case scenario was assumed and standard conventional tillage practices were
assumed and hence Ctillage was set to 1.

Next up, the plant residues again cannot be found for the Ladonas subbasin itself
as there are no data specific to that region. However, a correlation between the
crop kinds and whether or not they have residues can be made. In particular,
pulses and legumes have no residues or have very few residues. Everything else,
or in other words cereals, grasses, vegetables, wild edibles and grapevines, have
at least some residues. Since it had been previously assumed that the same
average Ccrop would be used for all of Arcadia, that means that all over-arching
crop categories have been hypothesized to be relatively evenly distributed in the
entirety of Arcadia. By that logic the plant residues caused by those crop
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categories would also be distributed in the same way and hence the average
Cresidues that is calculated for Arcadia will also apply to the Ladonas subbasin.
The average Cresidues is 0.88 for the R.U.S.L.E. model and thus the function for its
calculation is as follows:

Cresiduef(n-gs x Fresidues]"'{ 1 _Fn:-sidues} EQ- 9

In the above function, Fresidues denotes the amount of arable land that is
affected by plant residues. In this project, that would be the land covered by
cereals, grasses, vegetables, wild edibles and grapevines. Note that here Fresidues
is the sum of the percentage amounts(Amount(%)) of coverage for each category
divided with 100. In the end, the final result is a Cresidues of 0.93 which translates
to a 7% reduction of factor C, which is fairly reasonable considering that the
R.U.S.L.E. map for Cresidues shows that the region of Arcadia has a reduction of
factor C due plant residues of over 4%.

Then for Ccover, and due to lack of data on the usage or not of cover crops within
the Ladonas subbasin, the same consideration with Ctillage was made, that cover
crops are either not used at all or their use is minimal owing largely to the fact
that the region is very mountainous. Thus, Ccover was set at 1 meaning that cover
crops are not used in the Ladonas subbasin or their use is so infrequent that it can
be considered negligible. This ensures that the worst-case scenario is assumed for
the region as that is the safest option due to the lack of any cover crop data for
the subbasin.

The multiplication of the aforementioned values of Ctillage, Cresidues and Ccover
leads to a Cmanagement of 0.93.

Ccrop,arable is a simple average value of all Ccrop based on each crop’s coverage
percentage. Thus, it is calculated by multiplying the Ccrop of each crop kind-which
is in turn found based on the category it belongs to which was established
previously-with the coverage percentage of that crop kind, then adding the results
of that multiplication from all crop kinds and dividing them by 100. The resulting
value in this project is 0.28.
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To find the final Carable, and as mentioned previously, we simply multiply
Ccrop,arable with Cmanagement and in this project the resulting value is roughly
0.26. The overall results in regards to Carable can be seen in the table below:

Table 6: Carable calculation table

Calculation of C factor

C-Crop,arable 0.277
C-Management

Ctillage 1
Cresidues 0.930
Ccover 1
C-Management 0.9320
Carable 0.258

Next the Cnon-arable is required. Unfortunately, there is no data for the Ladonas
subbasin or for region of Arcadia that specifically shows which land masses are
specifically arable and which are not. That said, using the ESRI land coverage map
we can deduct roughly which areas are arable and which aren’t. In particular for
the Ladonas subbasin we have the following land coverage categories:

Water

Forest(Trees)

Agricultural(Crops)

Medium Density Residential(Built)
Open Spaces(Bare)

Snow/Ice
Grasslands/Pasture(Range)

NoukwneR

From the above categories, agricultural and residential land have been considered
arable land in their entirety in this project. For agricultural land that was done for
the obvious reason that most agricultural land is arable else it would be noted as a
grassland. For residential land the R.U.S.L.E. model distinguishes no separate
Clanduse, which is the equivalent to Ccrop for arable land. Thus, either a relatively
high Clanduse should be assumed or that land should use Carable as that is
significantly high to begin with. Considering that most residential land is near the
agricultural one and that using a high Clanduse would still mean using a high but
ultimately random number, Carable was used for the residential land despite that
land being neither arable or non-arable in reality.
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The main issue here are grasslands and pastures. Intuitively most land that is such
is non-arable because it would be noted as agricultural otherwise. However, it is
also likely that crops that are either below ground, like many pulses and legumes,
as well as low lying crops of grasses, like trifolium, which are most definitely arable
crops, might be viewed as grasslands or pastures when viewed from a satellite
which is precisely the kind of data ESRI provides. Therefore, considering the
previously mentioned possibility but also knowing that all actual pastures and
grasslands are non-arable, the surface area noted under the grasslands and
pastures category was split in half with one half being considered arable and the
other non-arable.

All other land coverage types, namely water, forests, bare open spaces and snow
and ice, are obviously non-arable. Each one of these categories was assigned a
suitable Clanduse based on its most fitting category from the R.U.S.L.E. model.
Water was assigned a Clanduse of 0 since it obviously does not represent land and
hence cannot be considered for the calculation of the land coverage factor. Snow
and ice cover were assigned the Clanduse of glaciers and perpetual snow which is
0. For forest cover the worst possible Clanduse for forests was chosen which is
0.003. Open bare space was given a Clanduse of 0.275 which is the average of the
extreme Clanduse values for sparsely vegetated areas which have a Clanduse of
0.1 to 0.45. Last but not least, the non-arable part of grasslands and pastures was
assigned the average Clanduse for pastures which is 0.1 as pastures have a
Clanduse which ranges between 0.05 and 0.15.

To calculate Cnon-arable all we need to do is create a weighted average of the
previous Clanduse of each non-arable land coverage kind. That is done by
multiplying the surface area of each non-arable land coverage type with its
Clanduse, summing up the results of those multiplications and then dividing that
result by the total non-arable surface area. The end result of this process is a
Cnon-arable of roughly 0.034.

At this point we have both a Carable and Cnon-arable each corresponding to the
arable and non-arable surface area of the Ladonas subbasin respectively. The
arable surface area is found simply by deducting the non-arable surface area from
the total one. It should be noted here that Carable was not directly calculated
based on this arable surface area contrary to Cnon-arable. Instead, and as
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explained previously, Carable was calculated based on a number of accessions.
However, since the accessions are of the same or similar size, we can assume that
the total land coverage of the crop accessions is equal to the arable surface area
found here. With that out of the way, all we have to do is find the weighted
average of Carable and Cnon-arable by multiplying each one with their
corresponding surface area, adding the resulting values and then dividing that
sum by the total subbasin surface area. The result of that process is the C factor
and, in this project, it has been calculated at roughly 0.095. That value is fairly
reasonable as, according to the R.U.S.L.E. cover-management factor(C-factor)
map, the Ladonas subbasin includes regions with C-factors of 0.03-0.07, 0.07-0.1
and 0.1-0.15. The overall calculations in regards to Cnon-arable and the final C-
factor can be seen in the following three tables:

Table 7a: C-factor calculation table, a: Land coverage types and corresponding Cnon-arable
numbers

Cnon-arable*Non-arable Area  Cnon-arable pertype  Area(km2) Land Coverage Type

0 0 4 Water

1.167 0.003 389 Forest{Trees)
0 0.35 24 Agricultural{Crops)
0 0.45 12 Medium Density Residential{Built)
0 0.275 0 Open Spaces|Bare)
0 0 0 Snow/lce

18.25 0.1 365 Grasslands/Pasture(Range)

794 <- Total Area(km2)

Table 7b: C-factor calculation table, b: Land coverage types and determination of those as
arable, non-arable, partly arable

Land Coverage Type Numbers=Percentage of Non-arable in Total Non-Arable Arealkm2)

Water Mon-arable 4
Forest(Trees) Mon-arable 389
Agricultural(Crops) Arable 0
Medium Density Residential{Built) Arable 0
Open Spaces(Bare) Mon-arable 0
Snow/lce Mon-arable 0
Grasslands/Pasture(Range) 0.5 182.5

Table 7c: C-factor calculation table, c: Final C-factor, Ctotal, calculation

794 <- Total Area(km2) Total Non-Arable Area(km2) -> 575.5
Total Arable Area(km2) -> 218.5
Cnon-arable 0.034
Ctotal 0.095
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The R.U.S.L.E. C-factor map can be seen below:
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Figure 7: C-factor map of the European Union

5.5 The erosion control/protection factor, P [16]

The subbasin of the Ladonas dam is a generally mountainous and forested region
with a small number of settlements. Judging by that fact alone, it is hard to
believe that there would be any erosion control measures in place in the region.
Therefore, the erosion control/protection factor P was set to a value of 1 meaning
that no practices are present in the region. And, indeed, if one looks at the
Support conservation practices factor (P-factor) in the European Union map the
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entire Ladonas subbasin is greyed out meaning that there are no conservational
practices active in the area.

Table 8: P-factor calculation table

Measures for Erosion Control
P

1 1=no conservational practices

The R.U.S.L.E. support practices map can be seen below:
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Figure 8: Modelling the effect of support practices (P-factor) on the reduction of soil erosion by

water at European Scale

5.6 Calculation of sediment volume

At this stage all of the required factors for the calculation of soil loss of each daily
rainfall event are known. The soil loss of each event is thus easily calculated as the
result of the R factor of each rainfall event times the factors K, LS, C and P which
were explained previously. However, it must be noted here that the R.U.S.L.E.
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model under-evaluates the R-factor by 20%7,3]. Due to that the previous result
will be multiplied by a safety factor of 1.2 and that will give us the final soil loss in
t/ha for each erosive rainfall event.

Of course, the soil loss in t/ha isn’t extremely useful as a number. The value that
we are looking for is the sediment volume per day/event in hm3. To find that we
will use the following equation which translates soil loss to soil loss distributed
across a surface area A:

Eqg. 10

V=pSDRLA i

In eq. 10 p is the density of the sediment, ps, which in this project has been set to
1.6 t/m3 but can generally be anything between 1 to 1.6 t/m3. 1.6 t/m3 has been
assumed here as it is the worst-case scenario. Then, L is the soil loss which we
calculated previously and A is the surface area over which the soil loss will be
distributed, which in this case is the Ladonas subbasin which is equal to 793.87
km2. SDR is a dimensionless factor which shows the amount of soil that gets
trapped in the exit of the subbasin and it is calculated from the following
equation:

_ _ Eq. 11
SDR =0.42 A 0125 &’A

It should be noted here that in eq. 11 the surface area A is in mi2 and not km2 and
therefore the subbasin area should be converted to mi2 in order for SDR to be
calculated. At any rate, the resulting SDR for the Ladonas subbasin is equal to
0.205. With these inputs we find the sediment volume in hm3 based on eq. 10 for
each day/event. The resulting average yearly sedimentation is 0.103 hm3. This in
turn translates to a sedimentation percentage of about 15.4% of the total volume
of the Ladonas reservoir during this year, 2024. At the 100-year mark from the
opening of the Ladonas dam the sedimentation of the reservoir will be at 22.3% of
the total reservoir volume. That means there is quite a significant problem of
sedimentation in the Ladonas reservoir and therefore the construction of a
Sediment Bypass Tunnel is justified as it is an effective and permanent solution for
such cases where the rate of sedimentation is high. As an extra note the annual
rate of sedimentation of the Ladonas reservoir is about 0.22% of the total
reservoir volume which is indeed significant.
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The table below shows the aforementioned results as well as the average yearly
soil loss-which is the immediate result calculated by R.U.S.L.E.-in t/ha:

Table 8: Final Sedimentation Results Table

Sedimentation Time X(years) Total Reservoir Volume(hm3)
69 46
Sedimentation Volume in X years(hm3) Percentage of Sediment to Total Volume in X years(%)
7.081651581 15.39489474
Sedimentation Volume in 100 years(hm3)  Percentage of Sediment to Total Volume in 100 years(%)
10.26326316 22.31144165
Average Yearly Soil Loss(t/ha) Average Yearly Sedimentation(hm3) Percentage of Sediment to Total Volume per year(%)
0.802973738 0.102632632 0.223114417

The graph below shows the 200 days during whose rainfalls the highest daily
sedimentation was observed:

Sediment Volume per day, Descending(hm3)
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Figure 9: The 200 most “sediment-carrying” daily rainfalls
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Chapter 6 — Creation of a Tunnel Flow Model

Since the sedimentation rate of the Ladonas reservoir justifies the creation of a
Sediment Bypass Tunnel, the issue is thus whether a sediment bypass tunnel is a
viable option financially or if other methods for the management of the incoming
sediment should be examined. Of course, and as explained in chapter 2, the
problem is not the construction cost as any sedimentation measures-much like
any significant supplementary dam works-are bound to be expensive to
implement. Instead, the issue is the significant repair cost for the damages that
the sediment bypass tunnel will incur during its operation.

6.1 Creation of a rainfall event input

In order to estimate the cost of the damages, the first step is to create a tunnel
flow model showing how the water of an incoming rainfall flows through the
sediment bypass tunnel. The first point to consider for such a model is which the
input rainfall should be. Based on the data gathered in chapter 5 it might be
tempting to use the average erosive rainfall for this purpose, which in this case
measures at about 27.09 mm of total rainfall with a return period of 0.63 years.
The problem with such an option lies in the method that is used to turn such an
average erosive rainfall into a rainfall event with small time steps and in particular
30-minute steps in this project. That is because the method used for this are the
rainfall IDF curves which, as explained in chapter 3, do not function very well with
low return periods. Even when used directly and not in the opposite manner in
which they were used in chapter 3, rainfall IDF curves still have this particular
issue.

To circumvent this issue a very simple consideration was made: the input rainfall
would be a flood rainfall, or, in other words, a 100-year return period rainfall, and
then the results would be adjusted to project an average erosive rainfall event.
The rainfall IDF curves are applied normally and in a direct manner with a T equal
to 100. The method functions just fine with such large-scale return periods and
thus no more adjustments are necessary.

The question now is how such a flood event will be adjusted to project an average
one. For that we need to ask: what is absolutely known about both a 100-year
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event and the average 0.63-year event? The answer is the total event rainfall, a
number that is characteristic to the two rainfalls also. It is equal to 27.09 mm for
the 0.63-year event and 158.03 mm for the 100-year event. To turn any final value
that has come from an input of the 100-year rainfall into an average one all we
have to do is multiply it by the ratio of the total average erosive rainfall to the total
flood rainfall. With the data of this project that were stated just before, this ratio

is equal to 0.171 or in other words an average erosive rainfall is 17.1% of a 100-
year flood rainfall and consequently we assume that any final results of an average
rainfall are likewise 17.1% of those derived from a flood rainfall. Granted such a
hypothesis is far from perfect. In a perfect scenario, a methodology would be used
that correctly translates small return-periods into 30-minute step rainfall events.
However, absence of such a method, this assumption with the aforementioned
ratio is a decent enough estimation.

The next problem is that the rainfall event itself is not an entirely useful piece of
information in on itself for the purposes of measuring water flow through the
sediment bypass tunnel. For that purpose, we need to translate the rainfall into
outflow at the edge of the subbasin, or in other words at the reservoir. To
accomplish that we need to pass the rainfall input through a HEC-HMS model
which will then provide us with the required outflow table at the reservoir.
Therefore, after creating a basic basin model in HEC-HMS we need to find the
curve number and lag time of the subbasin. The process for the curve number has
been partially stated already in chapter 5 as the ESRI map used for the distinction
of arable and non-arable land is the one that will be used to determine the curve
number. However, after downloading the coverage map for the region of southern
Greece from ESRI and cutting it down to the extent of the Ladonas subbasin, we
must now determine what curve number each land coverage type should have.
For that purpose, the following chart which has been comprised of data from
NRCS TR-55 and Halley et al. 2000 — ESRI Proceedings[18] has been used:
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Table 10: Curve Number(CN) table based on corresponding land uses and hydrologic soil groups

sk lhse Cover Description Hydrglr%g‘;‘lc Soll
Description P
%
Cover Type and Hydrologic Condition Impervious A | B | C D
Areas
Agricultural i i e R 64 | 75 [ 82 | 85
Commercial Urban Distnets: Commencal and Business 85 ' 89| 92 | ¥4 . 95
Forest Woads(?) - Good Condition 0| 85| 70| T
Grass/Pasture Pasture Grassland, or Ranga(3) - Good Condition 39|61|74 8
Herbaceous Mixture or grass, weeds, brush — Good Condition - | 82|74 85
Shrubs Fhick and low shrubs — Good Condibion - | 30|41 48
Disturbed/Transitional | Gravel parking, quarmies, land under devalopment 76 | B85 | 89 MM
Industrial Urban district Industrial 72 81|88 |91 93
:'egsf:dzﬁz:;ty fl;:;;enatplgl n?rl:;:gg gn:\;:agz.lol size' 1/8 acre or less; Mulfi- 65 77 | 85 | 90 | 92
g:glélenr\“l;?nsity :(zsg:g_o;x:::l :rstncts by average lot size: 1/4 acre to 1 acre; 2 | 57 | 72 | 81 | 85
lém?a'}y mgﬁrm:l ;lvstncts by average lot size' 1 acre lot or greater; 15 48 |66 | 78 | 83
Open Space (lawns, parks, golf courses, cemetenes, etc.) I ar
Open Spaces Condition (grass cover 50% lo 70%) (Open Space in Good 40 | 69 | 79 | 84
Condition would have same CN as Grcgg/Pnt«:_r!) h
g:ragzg and Paved :‘::);J:’l'(::s rgr?:;fz:\\’(?d parking lols, rools, driveways, elc. 100 o8 | a8 | 98 | 98
Residential 1/8 acre |Residential districts by average lot size: 1/8 scre or less 65 | 77 | 85 | 90 | 92
Residential 1/4 acre |Residential districts by average lot size' 1/4 acre a8 _ 61| 75| 83 | 87
Residential 1/3 acre |Residental districts by average lot size: 1/3 acre 30 57 | 72 | 81 [ 86
Residential 1/2 acre |Residential districts by average lot size: 1/2 acro 25 54 (70 | 80 | 85
Residential 1 acre Residential districts by average lol size 1 acre 20 51 | 68 | 79 | 84
Reasidential 2 acres |Rasidential districts by average lol size 2 gge 12 46 | 65 | 77 | 82
Water (100|100 [ 100 | 100

Within arcmap and in the attribute table of the clip of the land coverage map we
note the names of each land coverage group and their corresponding curve
number in two new columns. The same attribute table we are editing should
already contain the surface area that each category covers. Therefore, we add yet
another column to that table which will be set to the value of the curve number of
each category multiplied by the surface area covered by that same category. Once

that is complete, we extract the data of that column as well as the data of the

surface area column onto excel as follows:
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Table 11: Calculation table for Curve Number(CN)

From ArcMap Ladonas
CMi*Area A00
27230
1968
972
0
0
27010
SUM 57580
Area 4 Water
389 Forest(Trees)
24 Agricultural{Crops)
12 Medium Density Residential{Built)
0 Open Spaces|Bare)
0 Snow/lce
365 Grasslands/Pasture(Range)
SUM 794

Then we simply use the following weighted average equation which is the very
same one we have already used for other parameters previously. This equation for

CN ==
2i A

Eq. 12

Based on the above equation we find that CN, after being rounded up, equals 73.
Next, we require the initial abstraction which in turn is equal to 5% of the
maximum potential abstraction. To find the maximum potential abstraction, S, we
apply the following equation.

S = 254*(100/(CN - 1)) iy

From eq. 13 we find that S is equal to 352.78 mm and thus the initial abstraction
haO is equal to 17.64 mm. The last piece of data required in order to run the basin
model on HEC-HMS is the lag time. Technically the first step here is to determine
whether the method we’d need to use for that time is Muskingum or Lag time.
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However, since the Ladonas subbasin is within a mountainous area the slope is
bound to be quite high and Muskingum is only applicable for slopes of less than
1%. And indeed, in chapter 5 when calculating the LS-factor we had also
calculated the slope to be 22.18% which is definitely a lot higher than 0.1%. Then
the lag time is calculated as per the NRCS Lag time method which is shown in the
following picture[19]:

e 8. NRCS Lag Time Method

According to NEH Part 630 Hydrology, the NRCS Lag Time Method (Figure 19) is suitable for
different watershed conditions ranging from heavily forested watersheds with steep channels and
a high percent of the runoff resulting from subsurface flow, to meadows providing a high
retardance to surface runoff, to smooth land surfaces and large paved areas. The curve number

CN used in the equations should NOT be less than 50, or greater than 95.

L08 (% ~ 9)0,7

1900595

T{:

Where:

T, = lag time (hrs)

L = longest hydraulic length of the watershed (ft)
CN = average watershed curve number

S = average watershed slope (%)

Assume Lag time =0.6 x TOC,

Ln.a(% ~ 9)0.7

1140 S°5

TOC =

Figure 10: NRCS Lag Time Method

Here we can see that to use this method the curve number must be between 50
and 95 but the curve number in this project is 73 and thus the method can indeed
be used. In order to use the above method though we first need to find the
longest hydraulic length of the watershed in ft, L. That information is easily
obtained from arcmap by using the measure tool to check the length of the
longest path in the flow accumulation layer of the watershed. The resulting L
found was roughly 52182 m or 171200 ft. Thus, we can calculate TOC as shown
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above based on the previously calculated CN, S and L and we find that TOC equals
8.46 hours. By multiplying that with 0.6 we find that the lag time is equal to 5.08
hours or 304.51 minutes. A summary of the results in regards to the curve number
and the lag time is shown in the table below:

Table 12: Calculation table for initial abstraction, haO, lag time and longest hydraulic length of

watershed, |

CNmiddle 72.52
Cnmiddle,roundup 73
S(mm) 352.78
hal{mm) 17.64
s{inch) 13.89
I{m) 52181.80
l{feet) 171200.13
TOC(h) 8.6
Lag or Muskingum? |Lag

LagTime(h) 5.08
LagTime(min) 304.51

We then go to HEC-HMS and create the following basin model:

¥4 EroPoint

l_ﬂLadl:unas

Figure 11: HEC-HMS basic basin model for the Ladonas subbasin

We then input the CN, lag time, initial abstraction and subbasin surface area as
required and then input the rainfall event we created previously into a time series
that’s part of a gauge which is then connected to the meteorological model within
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HEC-HMS. Specifically, the rainfall event that is inputted is the one shown in the
following diagram:

Flood Graph, Ladonas

h(mm)
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Time(h)

Figure 12: Rainfall height to time diagram for 100-year return period flood event

After that we run the HEC-HMS model and receive the table with the final outflow
in m3/s for the endpoint. The values of that table are the ones which we need to
input as basic flow data into our tunnel flow model. Those values are shown in the
form of a diagram below:
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Figure 13: Water flow into the Ladonas reservoir of 100-year return period flood event
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6.2 Height-volume equation parameters

The last piece of data required before we can begin constructing the tunnel flow
model is the height-volume equation of the reservoir. It must be noted here that
the height volume equation of the reservoir is only used in this project because
the basin of the Ladonas reservoir has not been mapped out. This is important to
note because sediment bypass tunnels are always built behind a weir which
directs sediment towards the sediment bypass tunnel. The methods used for that
vary but are beyond the scope of this project.

The important part to remember here is that the sediment bypass tunnel is
behind a weir and usually close to the entrance of the reservoir as noted in
chapters 1 and 2. That means that the water depths and volume that matter to
the operation of a sediment bypass tunnel are those behind the weir and not
those of the entire reservoir which in turn are the ones projected by the height-
volume equation of the reservoir. That also means that the actual height-volume
equation that should be used is that of the weir and not of the entire reservoir.

Unfortunately, since the basin of the Ladonas reservoir has not been mapped a
height-volume equation cannot be constructed for anything other than the entire
reservoir. The height-volume equation of the reservoir can be constructed
because through the operation of the dam the height and volume of the reservoir
at various points are known. On the other hand, behind the weir there exists a
different correlation of height and volume.

One could argue here that since the weir is within the reservoir, its height-volume
correlation would not differ all that much to the reservoir’s. The problem with
that lies with the second point brought up just before: this sediment bypass
tunnel has been assumed with an entry point close to the entrance to the Ladonas
reservoir. That means that the depth upstream from the weir and the sediment
bypass tunnel is very low compared to the rest of the reservoir. To put this into
perspective, the Ladonas reservoir has its bottom at 380 meters. However, the
depth of the basin at the position chosen for the sediment bypass tunnel of this
project is probably closer to that of the maximum reservoir height or, in other
words, 420 meters. In this project and since the entrance of the sediment bypass
tunnel is not directly at the entrance to the reservoir but instead a bit further
within the reservoir, the base of the sediment bypass tunnel was set at 414
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meters. The exact height of the bottom of the sediment bypass tunnel is
impossible to predict accurately without data about the exact height of the
reservoir basin at the position of the entrance of the tunnel. Due to that it might
be necessary for the base of the tunnel to be moved further down in case the
basin is at a height significantly lower than 414 meters.

As to why the height of 414 m was chosen, that is because of a number of satellite
images available on google earth which show the bare reservoir basin at the area
of the entrance of the tunnel. In those images, the height of the basin is noted at
412 m but that is most certainly a mathematical projection, given that the entire
reservoir is shown as being at 412 m. However, what’s probably more accurate is
the height to the east of the bare reservoir area which is shown to be anywhere
from 412 to 416 meters and based on that the middle value of 414 m was chosen.
One of the aforementioned instances available on google earth where the dam
basin is visible near the assumed position of a future sediment bypass tunnel is
the one visible below:

Ladonas 10/2022

Figure 14: Picture of the Ladonas reservoir east of the Pteria village (10/2022, Google Earth)
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Here it should be noted that the tunnel bottom at the entrance can be slightly
above the ground-floor but the difference must be as small as possible else the
sediment might have trouble being funneled into the tunnel. That is important in
this case especially since a system of a single sediment bypass tunnel is what is
being proposed by this project. With a system of two sediment bypass tunnels,
the larger tunnel must be close to the ground level but will only be operated
during floods, with a smaller tunnel being the one that will be more frequently
open. The smaller tunnel can be quite some height above the ground level and
above the larger tunnel below as can be seen in the example of the Mud
Mountain Dam which utilizes such a system of two sediment bypass tunnels[6,2].

With this parenthesis out of the way, the creation of a height-volume equation for
the reservoir is done based on the equation type of y=a*x"b where y is the
volume in hm3 and x is the absolute height in meters. The volume of the reservoir
in hm3 and surface area in km2 for the various heights of the reservoir in meters
as well as other accompanying basic data were provided by the professor who
supervised this project, Professor Andreas Efstratiadis. The tables with this
information are shown below and in the next page:

Table 13a: Ladonas dam data, a: Ladonas reservoir base height, dead volume, max reservoir
level, dam crest, tailwater and installed capacity

Base zim) 380.0
Dead volume {hm3) 400.0
Max pool level (m) 420.0
Dam crest 422.4
Tailwater (m) 372.0
Installed capacity (MW) 70.0
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Table 13b: Ladonas dam data, b: Ladonas reservoir height, surface area and volume data

NANODMNAE
z(m) Area (km2) Volume (hm3)
380.0 0.00 0.00
383.0 0.29 0.65
385.6 0.29 1.34
388.7 0.48 2.12
391.0 0.49 3.43
392.6 0.75 4.42
393.9 0.75 5.52
395.5 0.75 5.95
398.3 0.75 8.70
400.6 1.10 10.79
402.3 1.22 12.66
403.4 1.22 14.52
404.7 1.22 15.84
406.2 1.22 17.51
407.8 1.22 19.57
409.6 1.22 21.54
411.2 1.49 23.73
412.5 1.49 25.93
414.1 1.49 28.56
415.3 3.04 30.53
416.0 3.60 33.05
416.6 3.60 36.12
417.7 3.60 38.86
415.0 3.80 40.53
418.6 3.80 43.02
419.3 3.87 45.44
420.1 4.31 47.85
420.5 4.31 50.59
420.8 4.31 53.00
421.7 4.32 55.84
422.4 4.32 58.15

Of course, the requirement here is the opposite of a height-volume equation, or,
in other words, a volume-height equation. That is because the inputs of the tunnel
flow model are flows in m3/s which will then be converted into water volume by
multiplying with the time step of 0.5 hours every time. Then those water volumes
need be converted into water height and that is the equation that we need.
Hence, we have:

y=a*x"b where y is volume in hm3 and x is height in m
and so

(v/a)=x"b

and so

(y/a)*(1/b)=x

and so
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((1/a)*(1/b))*y*(1/b)=x
by setting a=((1/a)*(1/b)) and b=(1/b) we have
a*y~b=x though of course a and b are not the same to the ones from y=a*x”b

Granted we can use a and b from y=a*x”"b to calculate the a and b for a*y”b=x.
However, this is not what was applied in this project. That is because the amount
of decimal accuracy required for a and b is quite significant. Calculating a and b for
a*y™b=x in such an indirect manner will yield slightly inaccurate results and whilst
the difference might seem minor, it ends up being quite important due to the
amount of accuracy required in the volume-height equation. Thus, to calculate a
and b for a*y~b=x the following excel functions were used[21]:

a=EXP(INDEX(LINEST(LN(height1:heightN),LN(volumel:volumeN),,),1,2))
b=@INDEX(LINEST(LN(height1:heightN),LN(volumel:volumeN),,),1)

At this point a very sensible question is how the above functions will be applied in
the use case of this project when they are based on data going up to a maximum
of 422.4 meters whilst the bottom of the sediment bypass tunnel, and hence the
height at which we will start to see flow of water through the tunnel within the
model, is at 414 meters. The answer is that this volume-height equation cannot
account for that. However, it can be manipulated to do so with a very simple
change. The flow into the tunnel starts, of course, at 0 m3/s and hence the first
few time steps will show an inflow volume of 0 hm3. However, if we assume that
the water height is right below 414 m then there is a starting volume within the
reservoir and then that volume will be added to the inflowing volume of the
tunnel in the first-time step. This in turn forces the water height to be assumed at
a higher value, thus projecting a value closer to that behind the weir which in turn
is the one that should be given as an input to the tunnel flow model.

It must be noted here that whilst the volume-height equation is of the reservoir,
the water heights shown and used within the tunnel flow model are not those of
the main dam reservoir but instead of the weir only. Water overflows the weir and
properly enters the reservoir but the water height within the reservoir will assume
heights equivalent to the actual volume of water within the reservoir itself which
is by no means the artificial and very high starting volume which results from the
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high starting water height that was previously set so as to facilitate the
aforementioned process.

Due to the method explained in the previous paragraph, it should also be
apparent that we expect to see quite high height values from the volume-height
equation. Thus, to receive more accurate results from that equation it is useful to
calculate a and b based on higher heights and volumes from the previously shown
height and volume table. In particular, the starting height of the array chosen in
this project for a and b was 411.2 meters which is equivalent to 23.73 hm3 of
reservoir volume. For generalisation purposes, three sets of a and b values were
created: al-b1l, a2-b2 and alow-blow. al-b1 starts at 383 meters of height and
ends at 409.6, a2-b2 starts at 411.2 m and ends at 422.4 m and alow-blow starts
at 383 m and ends at 385.6 m. That said, al-b1 and alow-blow, whilst added as
exceptions to the volume-height equation in the tunnel flow code, are generally
not used as they represent water volumes far below the starting one. Specifically,
the volume limits in hm3 for switching between the low, 1st and 2nd set of a-b as
well as the values of a and b in each set and the maximum water height calculated
based on the water inflows and also the opposites of all those values for finding
volume from water height, which was used to find the set starting volume from
the set starting water height, are shown in the table below:

Table 14: Volume-Height(Find z from V) parameters and their opposites, Height-Volume
parameters(Find V from z)

zmaxim) 424 905|0Opposite|(Find WV from z)

allow 384 48 6.B4E-260
bllow 0.010 100.26
al 38297 1895E-127
bl 0.020 49 .06
a2 376.63 1.63E-91
b2 0.028 35.25
limitl2Z{hm3/opposite: m) 20 408.5
limitlowl{hm3/opposite: m) 1.3 385.2

6.3 Constant Parameters of the Tunnel Flow Model

Before we can start developing the tunnel flow model, some parameters must first
be set. First, we need to decide on the shape of the tunnel. To simplify the
calculations the tunnel has been assumed to be orthogonal in shape. In reality the
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tunnel will have more of an egg-like shape or will be orthogonal with an arch on
top[22]. The calculations in this project, whilst assuming a perfectly orthogonal
tunnel, would not differ at all for an orthogonal tunnel with an arch on top due to
the fact that the water is free flowing and thus never reaches the tunnel ceiling
where the arch is. The difference between the calculations of this model with a
tunnel that is egg-shaped may or may not be significant depending on the
maximum horizontal width of the tunnel. Therefore, the real tunnel assumed here
is an orthogonal one with an arched ceiling.

Then the width and height of the tunnel must be set. The width has been set at
4.5 meters. The height has been set at 10.5 meters. It must be noted that the
height is significant here but the overall surface area of the tunnel opening is
reasonable at 47.25 m2 which would be slightly lower than the opening of the
sediment bypass tunnel of the Nunobiki dam at 49.02 m2[23].

Moreover, a 10.5-meter-high tunnel assumes the extreme scenario of a full
diversion of the 100-year rainfall input which is obviously unreasonable. A
percentage only of the incoming rainfall would be diverted together with its
sediment and that is determined by the systems at the weir that drive water into
the sediment bypass tunnel, but there is no way for this model to predict that
percentage without further data for the functionality of the weir. Besides, this
model predicts the bed load and material loss accurately only if a full diversion is
assumed.

Now, the reason behind the necessity of making all calculations based on the
assumption of a full diversion of the rainfall water volume by the tunnel has to do
with the tunnel flow model itself. Basically, in order to review the full extent of the
potential amount of damage incurred by the tunnel during the bypassing of the
incoming rainfall event and its sediment, it is necessary for the model to assume
that all of the water volume of that rainfall is being bypassed. That is because the
calculations for the flow of sediment within the bed load, which in turn is what
damages the tunnel, have been made with inputs from the tunnel flow model. For
example, the friction velocity requires the hydraulic radius calculated in the tunnel
as an input. Hence, if the model considered the realistic scenario where only part
of the rainfall water is bypassed then that means that the amount of inflowing
sediment would be under-evaluated by the model because the amount of
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sediment is tied to the water inflows into the tunnel and thus less water bypassed
causes the model to think that less sediment has been bypassed also which is
obviously not the case. And since the end result of this model is to estimate the
cost of the damages incurred by the sediment bypass tunnel during its annual
operation, it is reasonable to endeavour for the calculation of the worst-in terms
of damages-case-scenario where all of the water, and hence all of the sediment
also, is bypassed.

The problem here is that since the model must assume that all of the rainfall
water is bypassed and since the entrance of the sediment bypass tunnel is
assumed to have its bottom at the basin level, that naturally causes the water
height to quickly rise dramatically and well above the height of the tunnel, if that
was set to a more reasonable 7 or 8 meters. The issue with the water level being
seen by the model as above the ceiling of the tunnel is that the model
immediately turns from a free-flowing surface one to a pressurized one at least for
some of the distance of the tunnel. Simply put that is not at all realistic. It greatly
increases the damages incurred within the tunnel and as stated before not all of
the water gets diverted which means that the real water height within the tunnel
would not be as high as shown in the model and hence accepting that the water
flow would be pressurized would lead to results that would be wholly unrealistic.

Besides, sediment bypass tunnels are usually not comprised of a tunnel formed in
a straight line from start to finish. At the entrance they usually have a steep incline
which further aids to the existence of a free flow within the rest of the tunnel but
that is difficult to show in a calculation model. Therefore, the usage of a high
enough tunnel height allows for the usage of this model as is and relatively
accurately shows the effects of the bypassed sediment onto the tunnel itself.
Afterwards and with more data present, specifically in regards to the percentage
of water that actually gets diverted in such an event, the height of the tunnel can
be set to more reasonable levels. At a design stage that would probably require a
real-life downscaled model of the tunnel and weir system on which testing can be
conducted. However, such a measure is expensive and thus impossible to execute
for this project specifically.

Next the length of the tunnel must be determined. In the tunnel flow model that
has been set to 4600 meters or 4.6 km. That is the distance in a straight line from
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the entrance to the exit of the tunnel. More specifically, the tunnel entrance will
be within the reservoir curve that is directly east of the village of Pteria and the
tunnel exit will be directly downstream of the dam and at the level of the river
basin. It should be noted here that whilst this distance can theoretically be
covered in a tunnel constructed in a straight line from its entrance to its exit, in
practice the geological circumstances of the interlaying ground might force the
pathway of the tunnel to be altered slightly. Any such alterations will obviously
lead to a slightly longer tunnel.

At this point we must also determine the exit height of the tunnel. That is much
more straightforward than the entrance height. The exit height must be at the
height of the river basin directly downstream from the dam. The height of the
river basin directly downstream from the dam is nearly the same with the height
of the dam’s tailwater and the Ladonas dam tailwater is at a height of 372 meters.
Therefore, the exit of the sediment bypass tunnel will also be at 372 meters.

With the entrance and exit heights as well as the tunnel length set, the slope of
the main part of the tunnel, JO, can be calculated and it is 0.0091 or 0.91%. That is
slightly less than the tunnel slope of the sediment bypass tunnel of the Miwa
dam(1%) in Japan and also it is a slope comparable to those of the tunnels of the
dams Nunobiki(1.3%) in Japan and Runcahez(1.4%) in Switzerland[23,2].

Next, we need to set the n-factor. For n0 that is simply the standard 0.015. For n
and under perfect circumstances, n has to change depending on the percentage of
the water height to the total height of the tunnel. However, when calculating the
height step by step to simulate the flow during a rainfall event, finding n based on
what was just mentioned, thus based on y/D, is slightly more difficult. The
problem is that a recursive calculation would be necessary in every single
calculation step and whilst that’s most certainly feasible, that would require
significant computing power to handle the sheer amount of data that must be re-
evaluated on every step for a variable n to be used. To avoid this issue, a constant
n has to be applied instead. Since the local hydraulic losses in the tunnel entrance-
which are also the only local hydraulic losses in this system-are calculated
separately, an n equal to 0.013 was used.

An unused computational parameter is the water depth at the tunnel exit, yexit.
That value is used to find the limitation distance Llim in the case of a pressurized
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flow. However, since it was decided previously that the tunnel shall operate under
free-flow conditions exclusively, the value set for this parameter is irrelevant.

Then the kinematic viscosity v is set at the standard value of 0.0000011 and a, the
parameter that influences hydraulic height due to the speed of flow, is assumed to
be 1. The parameter K for the local hydraulic losses upon entry into the tunnel is
set to 0.5. With these parameters out of the way the development of the tunnel
flow model can actually commence.

6.4 Main Tunnel Flow Model

The first column of the model is the time which is noted in 30-minute increments.
The second column represents the inflows in m3/s as those were found previously
using the HEC-HMS basin model. Then the third column is the inflowing volume of
water in hm3 which is simply the inflow times the time difference of the current
and the previous step, or, since the time step is set to be constant in this model,
the inflow times the time step. Then the fourth column calculates S in hm3. Now S
is the total functional volume, which means the volume not yet passed through
the tunnel in the previous step plus the new volume that has arrived due to the
rainfall in the same step. In the first step, S is equal to the set starting volume plus
the incoming rainfall volume but since the rainfall volume in the first step is zero,
it is equal to the set starting volume only.

The fifth column calculates the water height based on the height-volume equation
parameters a and b which were detailed previously. The sixth column denotes the
water depth from the bottom of the tunnel. Both the water height and the depth
are specifically noted for the water at the entrance of the tunnel as both change
through the flow of the water within the tunnel. The water depth specifically
changes until it reaches the stable depth value, y0. That is due to the kind of water
slope that is constantly present due to the specific design choices made already
and that slope is S2.

The seventh column, Llim, denotes the distance of pressured/limited flow within
the tunnel. However, since the design here is of an exclusively free-flow tunnel,
Llim is always 0. The eighth column denotes the surface area covered by water
which is simply the width of the tunnel times the depth of the water since the
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tunnel is orthogonal. The ninth column is the water perimeter which is the width
of the tunnel plus two times the water depth. The tenth column is the hydraulic
radius which is the ratio of the water surface area divided by the water perimeter.

The eleventh column is the water slope in case of pressurized flow and is thus
unused in this model.

The twelfth column calculates the speed of the water flow at the entrance. The
Manning equation was used for this purpose and that equation is as follows:

eq. 14
[24]

1 ,2/3.1/2
4 _;Rh o

JO denotes the slope of the stable flow which is parallel and hence equal to that of
the tunnel and that was what was used for eq. 14. It must be noted here that this
is not entirely accurate. The water flow takes some time to reach the stable depth
within the tunnel. In fact, it can be argued that it might not reach the stable depth
at all. However, looking at the difference between y and y0 in the model, that is
small enough to make it really improbable that the stable depth is not reached at
all. In the vast majority of the time steps the stable depth is reached extremely
quickly simply due to the small difference between y and y0 and in the rest of the
steps, or, in other words, during the peak of the rainfall, it is reached but in the
middle of the tunnel.

The only way to know the above for sure is by re-doing the entire process with an
integrated Standard Step Method process which will make calculations per
distance increment for every time step. The problem then becomes the same as
with the usage of a variable n. The number of calculations and repetitions in those
calculations required to have an SSM procedure embedded into the model cannot
be handled by the computing system currently available to me. Most likely this
can be resolved by constructing the entire tunnel flow model on matlab or python
and then extracting the required results into an excel sheet but the creation of
such a program is beyond the scope of this project as it would require a project
possibly as lengthy as the current one. Besides, since the water always reaches the
stable depth in this project based on what was mentioned previously, the speed
calculated above is definitely achieved at some point within the tunnel and in fact
is the speed that is present for the vast majority of the water flow within the
tunnel.
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The thirteenth column calculates the Reynolds number as the water speed times
the tunnel width divided by the kinematic viscosity v. The fourteenth column
calculates the outflow from the tunnel in m3/s as the water speed times the water
surface area. The flow is constant per time step throughout the tunnel, but the
speed and surface area are not. The surface area decreases further along the
tunnel until it reaches the stable water depth and consequently the water speed
rises until that point is reached.

The fifteenth column is the last column directly used for the tunnel flow model
and it calculates the amount of water that exits the tunnel in that particular step
in hm3 as the outflow found in the fourteenth column times the time step. Note
that there might water flow even before the rainfall event. That is both due to the
structure of the model itself but also because the sediment bypass tunnel will
never automatically be opened precisely when the rainfall water of that rainfall
event begins to arrive. It will be already open for possibly hours before that in
anticipation for the rainfall event and can potentially be diverting water even
before the rainfall event.

The effectiveness of the handling of the bypass tunnel plays a significant role here
as good handling lowers the amount of water lost through the tunnel by opening
the tunnel at just the right time for just the sediment-carrying rainfall water to be
diverted. Worse handling will lead to more water being lost without actually
raising the amount of sediment diverted. The fact that the entrance of this tunnel
is relatively close to the entrance of the reservoir acts as a failsafe for this matter
also. That is because even if the tunnel is left open for more time than absolutely
necessary it will still divert no water until there is a sediment-carrying rainfall
event to raise the water levels enough for water and sediment to enter the tunnel.

Moving on, the columns till the one calculating Qfinal are designed to show the
free-flowing portion of the tunnel in case the flow started out as pressurised.
However, since it was decided that the tunnel should be fully free-flowing, these
columns remain unused in this project. Then, Qfinal and Vout show the final
outflow from the tunnel in m3/s and the final volume of that outflow in hm3.
Since there is only one flow section in this model those values are equal to those
found in columns fourteen and fifteen respectively. Last but not least the V2
columns calculates how much water is still within the reservoir after Vout is
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deducted from the initial volume S. V2 is then added onto the S of the next step
and the model continues with the same steps described previously.

Overall, the flow out of the tunnel as well as the tunnel’s retention of the
incoming rainfall flow in relation to time as well as the water height at that same
time are shown in the following diagram:
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Figure 15: Throughflow-Retention time diagram with water height

6.5 Additional processes

In addition to the process described before some columns were added to the left
of the model to check for the slope kind. The slope kind must be steep in order for
a sediment bypass tunnel to function properly. To check for that the stable depth,
y0, was found based on the following equation:

_1l|en 4 2/3 3/5 eq. 15
y=<|7={®+2y) 24.2]

Eg. 15 is an equation that works by repetition. To make this work the following
VBA code was added to the excel sheet of the tunnel model:
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Function STDEFP(bk, Q, n, J0, initwalue, target)

Value = (1 f b) *

oldvalue = Value
Do
Value = (1 /

by * (((@ =

teeee =

Count = &bs (Value - oldwvalue)
If Count <= target Then

Exit Do
Else

oldvalue = Value
(1 / by *

Value =

Count = Abs (Value - oldwvalue)

End If
Loop
STDEP = Value
End Function

n) / (JO * 0.5)) *

{{k + initwvalue) ~

n) / (JO * 0.5)) *

{{k + oldvalue) ~

{({{(2 * n) / (JO ~ 0.5)) *

(kb + oldvalue) ~

2/ 30 "

(z ./ 3))) ~

iz /3 "

Figure 16: VBA loop code for the calculation of the stable water depth y0
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Wherever a comparison with the stable depth was stated within this model, it
refers to the stable depth found with the above code per time step.

Then the critical depth, yc, was found as per the following equation:

QE
7. = (%

)

1/3
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g

)

1/3

eq. 16
[24,3]

Then the two depths were compared between each other and with the depth
found in the tunnel flow model. Based on that information, if yO<yc, then the
slope is steep, else, if yO>yc, then the slope is mild. If the slope is steep then if
y<yO0 the slope kind is S3, if y is between yc and y0 then the slope is S2 and if y is
over yc then the slope is S1. If the slope is mild then if y<yc the slope kind is M3, if
y is between y0 and yc then the slope is M2 and if y is over y0 then the slope is
M1[24,4]. The column next to the one calculating yc is the one that makes this
consideration and as seen there the slope kind, whenever there is flow of water
through the tunnel, is always an S2 meaning that the water slope is steep and the
water depth is lower than the critical depth but higher than y0 and slowly
converges towards y0, which in turn is the expected slope kind in a sediment

bypass tunnel.

Another additional item is the following table which shows the total amount of
water diverted during all time steps, the minimum and maximum outflow from
the tunnel and the minimum and maximum amount of the outgoing water

volume.
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Table 15: Final outflow in m3/s, volume outflow and total amount of volume outflow in hm3
from tunnel

TotalVoutihm3)
66.45
minGfinalim3/s) minVout{hm3)
0.149 2. BEE-04
maxQfinalim3/s) maxVout(hm3)
52346 0.84

The total incoming rainfall volume as well as the percentage of that that is
calculated to have been diverted in the model, the bed load percentage that this
model leads to, the maximum water depth reached in the model-which is not the
actual maximum water depth that would have been reached in such an event
within the tunnel but it is the number used to determine the computational
height of the tunnel in this model-and the annual damage incurred by the tunnel
annually based on its characteristics are shown in the following table:

Table 16: Overall results table for flow through the sediment bypass tunnel

ltotalihm3) |TotalOut(%) Bed Load(%) Y, maxim) Annual Damage(Euros)
66.77 00 50% 16.10% 10.49 £ 117,632

The calculation of the bed load and of the annual damage are shown as a
summary in this table but their calculation will be explained in detail in the next
chapter.

Page | 57



Chapter 7 - Calculation of Tunnel Material Loss due to
Sediment Flow

There are several models that calculate the material loss of sediment bypass
tunnels. The one used in this project is the Ishibashi model of 1983. However, just
to get to the calculations of that model other data are first required. Instead of
going directly to the Ishibashi model and then going back to explain how that data
was found, the step-by-step process followed within this project will instead be
shown, which culminates in the calculations of the Ishibashi model.

7.1 Constant Parameters

First of all, some basic parameters are necessary. These are constant as they do
not change regardless of the time step and thus have been noted separately in the
following table:

Table 17: Constant parameters for the calculation of the abrasion in the sediment bypass tunnel

psit/m3) nforgs* Blauxiliary parameter){m/N"(2/3))
1.6 15 1.45E-07
Wolume of one grain(by approximation of a sphere)im3)  |tc* based on the Shields equation{in relation to 6c*) Mp* (submerged particle weight in kg)
0.00022) 0.0007 2| 0.13
Average Grain Diameter in bed load{mm) Average Grain Diameter in bed load(m) D={dimensicnless grain size)
75 0.075 226506
psteel(t/m3) Critical Shields Number({&c*)
7.85 0.00065
ps{Dynamic Friction coefficient) Mp{particle mass)
03 0.35
Aplair porosity)
pwit/m3) ni
0.1 2716.24
S ni{sediment gravel over concrete ){N/m2)
16 23634870000

ps in t/m3 is the average density of the sediment, the same one that had been set
in chapter 4. psteel in t/m3 is the average density of steel which is 7.85 t/m3 and
pw is the density of water which is 0.1 t/m3.

n for gqs* is a parameter in the calculation of gs*, the dimensionless dry sediment
weight per unit channel width, based on a generalized derivative of the original
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Meyer-Peter Mueller formula(1948) for bed load sediment transport. This n is
always equal to 1.5 as also shown in the above table[26].

The average grain diameter in the bed load, D50, is the one that both the Ishibashi
and Auel models work with and that is 7.5 cm or 75 mm|[27], as noted in the table
above also. Of course, it is preferable for the model to be run separately for the
various different grain sizes present in the sediment flow of a dam’s subbasin but
the required granulometry of the bed load sediment of the Ladonas reservoir has
not been conducted and hence this cannot be done.

The volume of one sediment grain is calculated by approximation as equal to that
of a sphere with a diameter equal to the average grain diameter.

The rest of these constant parameters are directly required for the Ishibashi
abrasion model[27,2]:

The auxiliary parameter B is in m/(kgf)*(2/3) and calculated as follows:

B =[2_5nf3{5;z}’ T eq. 17

In eq. 17 D is the average grain diameter noted before and n1 is another auxiliary

parameter which has a constant value of 2.41*1079 kgf/m2 in the Ishibashi model
and this was what was used in this project also, thus yielding B equal to 1.45*10/-
7. More generally nl is calculated as follows:

4

1 zm eq. 18

In eq. 18 k1 and k2 are auxiliary parameters that account for the Young’s modulus
and Poisson’s ratio of both the particle and invert materials. Still, since this project
uses the Ishibashi model, the previous constant value of n1 has been used. nl
itself is noted in the constants table also but after being converted into N/m2 via
multiplication of its constant value 2.41*1079 kgf/m2 with 9.807.

The particle mass, Mp, in kg, is calculated as follows:

M, = 1/6mp.1F eq. 19

In eq. 19 ps in t/m3 is the average density of the sediment noted previously and D
is the average grain diameter that was also noted previously. Based on these same
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parameters the submerged particle weight in kg was also found based on the
following equation:

M,” = 1/6m(p,~1000)D* eq. 20

Next the dimensionless average grain diameter D* is calculated based on the
average grain diameter D as follows:

D==[(s-1)eD*1% /v eq. 21

In eq. 21 v is the kinematic viscosity which was set in the tunnel flow model of
chapter 6 and s is the ratio of the average sediment density, ps divided by the
water density, pw. Based on the previously stated values for ps and pw, s equals 16
in this project and that is also noted in the constants table presented in the
beginning of this chapter.

Then based on the dimensionless average grain diameter the critical shields
number B¢ was found based on the following equation:

8. =0.0907D,7" eq. 22

Eg. 22 was developed by Ishibashi(1983) based on Novak and Nalluri(1975).

The dimensionless critical shear stress, tc*, is 0.047 as per the Meyer-Peter
Mueller transport formula[25]. However, that value of tc* is meant for the usage
of the Meyer-Peter Mueller transport formula with a flow at a stage number of 8.
That is simply not the case in this project where the stage number fluctuates and
can assume values both higher and lower than 8. Besides, the generalized version
of the Meyer-Peter Mueller transport formula[26,4] can be used with different tc*
values.

In this project the important part is that the critical dimensionless Shields number,
B¢*, and critical dimensionless shear stress, 1c*, must correlate as they both refer
to the values of the dimensionless Shields number and dimensionless shear stress
respectively that occur when sediment begins to move. Since both 8¢* and tc* are
used for the same flow model, they must also show the same moment that the
sediment begins to move for their respective non-critical values and hence they
must correlate. This correlation is easily found via the Shields formula which gives
the Shields parameter as follows:
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g — ; eq. 23
(ps — p)gD [31]

In eq. 17 ps is the density of the sediment, p is the density of water, D is the
average grain diameter, Tis the shear stress and 0 is the Shields parameter. By
replacing ©¢c* for 8 and tc* for T and then solving for 1c* we can find the tc* that is
equivalent to the 6c¢* that was found in the previous step.

The air porosity, Ap, was set to 0.4 as per the Ishibashi model[27,6]. Then based
on that air porosity, Ap, the average sediment density, ps, and the particle mass,
Mp, the amount of particles per unit of volume, ni, in 1/m3 was found as per the
following equation:

., _{l—ﬁ,},}p; eq. 24
oM [27,7]

r

The last constant parameter is ps, the static dynamic friction coefficient, which has
been set to 0.3 as per the Ishibashi model.

This concludes the calculations for the stable parameters of the process that will
be explained in the rest of this chapter. It must be noted here that much like with
several of the equations already stated in this chapter, like the equation for B¢,
there are several equations and processes that can calculate many of the values
that will follow. Those values that can be calculated in many ways are usually the
result of experimental procedures which tend to have differing inputs and hence
different results. The equations chosen in this project were either those coming
from projects with inputs matching those of this project, e.g. in regards to the
average grain size or stage number, or were noted under the Ishibashi model in
which case they were preferred over other alternatives to maintain consistency
with the main model being used in this part of this project.

7.2 Calculation of the bed load sediment volume

Before anything else, it should be mentioned that two columns are noted within
the excel sheet of this project for each one of the values that will be calculated
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next. That was meant to account for the possibility of a split flow, or in other
words a flow that would start as pressurized and then turn into a free flow.
However, and as mentioned many times already, this model operates under the
design decision that the flow within the tunnel is always a free flow and never
pressurized. Thus, the second column for all of the following values is left unused.

At any rate, the first value that must be calculated is the friction velocity U* in
m/s. The calculation of that is simply (g*Rh*S)*0.5, where Rh is the hydraulic
radius from the tunnel flow model and S is the slope of the tunnel. Technically
speaking S should be the energy slope but, for the same reasons stated in regards
to the water speed in chapter 6, the slope of the tunnel is used.

Then the Shields parameter 8 is calculated based on the friction velocity U*, the
average grain diameter D and the density ratio s as follows:

eq. 25

6 = U#/[(s-1)gD] 73

The stage number was found as per Sklar and Dietrich(2004)[28]. Thus, the ratio
of the Shields parameter divided by the critical Shields parameter is first
calculated and then that ratio minus one equals the stage number. Wherever that
ratio was less than 0, it was set to 0. The stage number denotes the “stage” of the
flow. Generally, the higher the flow, the higher the stage number. If the stage
number is zero then that means that there is not a high enough flow of water for
there to be sediment transport.

Next the ratio of the sediment saltation length, Lp, to the average sediment
diameter, D, was found based on the Shields parameter and the critical Shields
parameter as per Ishibashi(1983) in turn based on Ishibashi and Isobe(1968):

eq. 26

L =100(6-6. )"
D ‘ [27,4]

Whenever the Shields parameter was less than the critical Shields parameter this
calculation would result in an error and was set to zero. This essentially means
that those time steps do not have a water flow high enough, or, in other words,
with a high enough stage number, to have saltating sediment. That is to be
expected since, if Lp/D equals zero, then Lp, the saltation distance, will also be
zero and hence there is no saltation. That said the steps with Lp/D equal to zero
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actually have no sediment transport at all which is evident from the fact that they
align with all the steps where the stage number equals zero.

Then the shear stress T was calculated as the result of pw*g*y*S where pw is the
water density, y is the water depth from the tunnel flow model and S is the tunnel
slope or stable depth slope for the reasons noted in chapter 6.

The non-dimensionalization of the shear stress, t*, was done based on the
equation used by the Meyer-Peter Mueller sediment transport formula which is
the following one:

T = T eq. 27
(ps — p)(9)(D) [25.2]

In eq. 26 ps is the sediment density, p is the water density and D is the average
grain diameter with the input being t, the shear stress, as that was found
previously. A small check has been added over the column calculating the
dimensionless shear stress t* that checks if at least the maximum dimensionless
shear stress is over the value set previously in the constants table for the
dimensionless critical shear stress, tc*. And indeed, the maximum value is above
that critical value as seen in that table which is also shown below:

Table 18: Maximum dimensionless shear stress and check of whether it is above the critical
dimensionless shear stress

=>Critical Shear Stress?
TRUE
Max Mon-dimensional shear stress, 17 1
0.09

The generalized version of the Meyer-Peter Mueller sediment transport formula
uses the parameter as in the calculation of the dimensionless dry sediment weight
per unit channel width. as is calculated as follows:

eq. 28

a, = 1.6In(7x) + 9.8 = 9.647x"-166 6

In eq. 28 t* is the dimensionless shear stress calculated just before.

Moving on, gs*, the dimensionless dry sediment volumetric discharge per unit
channel width, is calculated based on the generalized version of the Meyer-Peter
Mueller sediment transport formula which is as follows:
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7L eq. 29
[26,3]

Where in eq. 29 as is the parameter calculated in the previous step and t* is the
dimensionless shear stress calculated before and tc* is the critical dimensionless
shear stress which was set in the constant parameters table at the start of this
chapter. Whenever the dimensionless shear stress is below the critical one in
which case eq. 29 results in an error, gs* was set to be zero, meaning that the
water flow was too small for there to be sediment transport.

Qs* = s (T % —Tc%)

The dry sediment volumetric discharge per unit channel width, gs, is then
calculated by using Hans Einstein’s nondimensionalization equation for gs but in
reverse. Hans Einstein’s nondimensionalization of gs is as follows:

s ¥ = = eq. 30
D“.‘l}.}' PHF_F}QD |25 3|

As already mentioned, to find gs based on gs* eq. 30 is used in reverse. Also, in
eq. 30 D is the average grain size, ps is the density of the sediment and p is pw, the
density of the water.

Knowing gs from the previous step, the bed load sediment flow in m3/s is simply
gs times the width of the sediment bypass tunnel. In turn, Vts in hm3, the
sediment volume in the bed load, is easily found by multiplying the sediment flow
of the bed load with the time step, or-more generally speaking for cases where
the time step is not constant-the difference of the time between the current and
the previous step. By summing up the Vts of all time steps we find the total
amount of diverted bed-load-sediment by the sediment bypass tunnel during the
diversion of the sediment produced by this rainfall event.

That total event Vts is then translated to a total daily Vts via simple analogy based
on the total sediment diversion time. In other words, the total daily Vts is equal to
the total event Vts multiplied by the ratio of 24 hours to the time length of all
time-steps for which Vts was counted as anything above zero. That time length
has been found to be 216.5 hours in this project. That daily Vts, or, more precisely,
Vits per day of this event, is then converted into the Vts of an average day via
multiplication with the ratio of the total rainfall of the average erosive rainfall
event divided by the total rainfall of this 100-year rainfall event. This ratio was also
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mentioned in more detail in chapter 6. Now, the Vts of an average day is then
multiplied by the number of erosion days per year which was a value presented in
chapter 4. This multiplication results in the average Vts per year in hm3.

Then, the bed load percentage is usually given from data in measurements of
weight and so Vts per year in hm3 was multiplied by ps, the density of the
sediment, giving us that same result in tons instead of hm3. That number is about
26443 tons of bed-load-sediment diverted per year. Then the average yearly
sedimentation calculated based on the R.U.S.L.E. model in chapter 5 was also
converted to tons per year in the same manner and the result was 164212 tons of
average total sediment diverted per year. The ratio of the yearly tons of total
sediment to the yearly tons of bed-load-sediment is the bed load percentage
which, based on the numbers calculated previously, equals 16.10%. A bed load
percentage of 16.10% is a somewhat high but reasonable number. As a
comparison, the sediment bypass tunnel of the Mud Mountain dam has a bed
load percentage of 11%]6,3].

7.3 Calculation of the tunnel abrasion/material loss

The next steps are entirely from the process of the Ishibashi model(1983)[27,5]:

Lp is the saltation length in meters found by multiplying the previously calculated
Lp/D with D, the average grain size.

Ni denotes the impact frequency which means how often saltating sediment hit
the tunnel floor. That value is simply the length of the tunnel set in chapter 6
divided by the saltation length Lp.

The impact force of that saltating sediment Fi is calculated based on the
submerged particle weight Mp*, the Shields parameter 6 and the critical Shields
parameter B¢ as follows:

F, =1.95x10°M, (6-6,) eq. 31

Note that eq. 31 results in an Fi in kgf. To translate that into N simply multiply by
9.807.
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This impact force Fi is combined with the auxiliary parameter B to result in the
single impact energy of the saltating sediment Ei which is calculated as follows:

E = BE" eq. 32

Then we calculate the result of the following multiplication: Ei*Ni*ni. Here Ei is
the single impact energy in Nm that we just calculated, Ni is the impact frequency
found two steps before and ni is the amount of particles per unit of volume which
was set in the constants table at the start of this chapter.

Next, we need to find the particle impact angle yim which is found by
approximation based on the Shields parameter and the critical Shields parameter:

.

/ .13
i = ?j } ]

=19.2(6-6, eq. 33

And now we calculate the following multiplication: yim*Ei*Ni*ni, where yim is the
particle impact angle we just found, Ei is the single impact energy in Nm
calculated previously, Ni is the impact frequency found a few steps before and ni is
the number of particles per unit of volume which was set in the constants table at
the start of this chapter.

Now the two multiplications made must be summed across all time steps. That is
because the total kinetic energy Ek and the total friction work Wf are calculated
based on the following eq. 34 and eq. 35 respectively:

E, =15V,3 ENpn eq. 34

W,=5513uV,> r.ENn, eq. 35

For eq. 34 we take the sum of all Ei*Ni*ni and multiply it by 1.5 times the total
event Vts. For eq. 35 we take the sum of all yim*Ei*Ni*ni and multiply it by 5.513
times the total event Vts times the dynamic friction coefficient us which had been
set in the constants table at the beginning of this chapter.

Following the previous calculations, we now need to set the material property
constants C1 and C2 for concrete and steel in m2/kgf and then turn them into
m2/N by dividing with 9.807. The material constants used in this project are the
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ones proposed by the Ishibashi model and specifically they come from the
following table:

Table 19: C1 and C2 Ishibashi model material parameters for concrete and various types of steel

Material C) [m/(kegf)] C; [m?*/(kef)]
Concrete 1.189x107 1.135x10°F
Steel (SM 41) 3.73x10H 6.59x101!
Steel (HT 20) 2.53x10! 4.78x10

Steel (SUS 304) 2.04x10 3.25x10H
Steel (SCMnH 11) 1.18x10H 1.33x101

For concrete, C1 and C2 are set as per the only entry set in the table. The
consideration for the C1 and C2 of steel is simply the worst-case scenario or in
other words the C1 and C2 of the steel category of SM 41. That is because the kind
of steel that will be used in the construction of the tunnel will be determined by
the necessities for the integrity of the tunnel itself and not so much by its
resistance against the abrasion caused by sedimentation. However, this project
does not aim to design the tunnel itself as that is plain impossible without
adequate knowledge of the underlying geology of the area. Thus, the best that
can be done is the assumption of the worst-case scenario as mentioned before.

Finally, we come to the main abrasion equation of the Ishibashi model which uses
the total kinetic energy Ek and the total friction work Wf which we have calculated
as well as the sets of C1 and C2 that were just set. This equation is as follows:

V,=GE +C W, eq. 36

Eg. 36 calculates the material loss from the tunnel due to abrasion caused by the
sediment being transported in m3. Eq. 36 must be used separately for steel and
concrete. This project only adds up the cost of the damages from the two
categories, if both concrete and steel are used in the tunnel invert, in the end.

However, it must be noted here that in eq. 36, and as also seen in the calculations,
C2*Wf{, which represents the grinding stress, is massively higher than C1*Ek. In
particular, in this project and for this rainfall event, we measure 1152 m3 due to
C1*Ek but 4712 m3 due to C2*Wf for the abrasion of concrete.
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The issue with this is that C2*Wf causes the abrasion to be extremely over-
estimated without any reasonable basis. That is because concrete by itself is
brittle (as per Head and Harr 1970) and thus it is, in reality, barely affected by
grinding and thus C2*Wf that represents the damage due to the grinding stresses
should be omitted as it is negligible in reality. In fact, many researchers omit the
grinding portion of eq. 36(Sklar and Dietrich 2001, 2004, Auel et al. 2015). Thus, in
this project, C2*Wf is shown as calculated previously but it is omitted in the case
of concrete.

Having said the above, we must remind ourselves that whilst concrete is brittle,
steel is very much ductile. Due to that C2*Wf should not be omitted in the usage
of eq. 36 for steel. Thus, the final equations used to find the abrasion volume
were C1*Ek for concrete and C1*Ek+C2*Wf for steel. The final results were an
abrasion of 1152 m3 for concrete and 28 m3 for steel per this rainfall event. Those
values were then converted into per day of event values in the same manner as
Vts was converted from event Vts to per day of event Vts. Then those per day of
event values were turned into average daily values again in the same manner that
the per day of event Vts was converted into an average daily Vts, which was by
multiplying the per day of event Vts with the rainfall ratio of the total average
rainfall amount to the total 100-year rainfall amount. Then the daily abrasion
volume, Va, in m3 was multiplied by the number of erosive rainfall days per year
and the final result was a yearly abrasion of 1069 m3 for concrete and 26 m3 for
steel.

7.4 Estimation of the annual repair cost of the tunnel

Whilst knowing the yearly abrasion amount is a nice value to have, the real
qguestion is how that abrasion translates into cost. For that, one last consideration
must be made: what role does steel play in the invert of the tunnel? If steel refers
to just the steel bars within the construction, then the “steel abrasion” calculated
in the previous paragraph should be ignored because the steel bars are protected
deep within the concrete. The only exception to this is the case where the damage
dealt to the invert is ignored over multiple years and it also reaches the steel bars
at some point. But even that is unlikely.
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The case in which the abrasion of steel should absolutely be considered is if steel
linings are placed over the concrete structure of the floor to protect the concrete
invert. In that case, the abrasion of steel must be fully taken into account but, at
the same time, the abrasion damage dealt to the underlying concrete will also be
somewhat mitigated.

In this project and to simplify the calculations, the tunnel invert has been
considered to be exclusively concrete without steel linings and thus the cost of
steel is ignored in the final calculations. That said, the cost of steel is mentioned in
the excel procedure for informative purposes, but it is ignored in the final sum for
the yearly damage cost.

The next point has to do with how the cost is considered. The type of concrete
used in the invert will be the standard one used in tunnel construction which is
C25/30(as per Prof. Basileios Marinos). The cost of supply, transportation and
gravitational laying of un-reinforced C25/30 concrete is about 110 euros per m3
with VAT included(as per Prof. Emmanuel Vougioukas).

The cost of steel is subject to a lot more fluctuation than concrete and so the cost
of the quarter that this project was finished at was used, that being of Q3 2024.
The cost was extracted from the data present in the website of
“FOCUSECONOMICS” in the section about the prices of steel in Europe. In Q3
2024 that was 657 USD/mt[29]. On the day of writing this passage(6/11/2024), 1
USD equals 0.933144 EUR[30]. That means that 657 USD/mt equals 613.08
EUR/mt. In turn, 1 mt(metric ton) is equal to 1.102311 t(tons). Thus, the price of
steel is 556.17 EUR/t in Q3 of 2024 and that was what was used in the calculations
of this project. For steel, to convert the abrasion from m3 to t, the abrasion was
multiplied by the average density of steel which was mentioned in the constants
table at the beginning of this chapter.

After being the steel abrasion converted to tons of yearly abrasion, that number
was then multiplied by the price mentioned just before and that resulted in the
average yearly damage cost of steel for this project which was € 113,021.

However, because it was decided that no steel linings would be present in the
invert of the tunnel, this cost was ignored in the actual average yearly damage
cost of the tunnel. The average yearly damage cost of the tunnel was thus equal
to, exclusively, the cost of damages of the concrete. To find that cost, the
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aforementioned cost of concrete per m3 was multiplied by the amount of
abrasion in m3 calculated before. The final result of that calculation, and thus the
final average yearly damage cost of the entire tunnel, was € 117,632.

Lastly, a simplistic estimation was given for the overall cost of damages over a
period of 10 years by multiplying the previous result by 10. The result of that was
€ 1,176,315 in average abrasion damages over a period of ten years. It must be
emphasized here that the damage costs do not rise in a linear fashion like this
calculation might seem to imply. € 1,176,315 would be the cost of damages over a
period of ten years if the tunnel is repaired, as it should, every year. If the
damages to the tunnel are left unattended then they will rise at a much faster
rate every year that they are not repaired. In other words, if the tunnel is not
repaired, or not properly repaired, on an annual basis then the damages incurred
by year 10 won’t be € 1,176,315 but something much higher than that.

All the above considered, a cost of about 118,000 euros in repairs on an annual
basis for the sediment bypass tunnel of this project is a significant cost but not
something too great in the spectrum of dam repairs. Here it should be clarified
that since the cost of the concrete mentioned before includes supply,
transportation and gravitational laying as well as VAT, it is roughly equal to the cost
of repairs. Of course, the actual repair cost might also contain other secondary
costs but those would be quite small in comparison to those already included
within the price of the 118,000 euros given before.

Moreover, an annual repair cost of around 118,000 euros is also very much a
middle cost in terms of annual sediment bypass tunnel repair costs. As a
comparison, the sediment bypass tunnel at the Pfaffensprung dam in Switzerland
has an annual maintenance cost of 100,000 CHF which is equal to about
106,476.78 EUR[30,2]. The most expensive annual repair costs recorded are from
the Asahi dam in Japan which are equal to 200,000 CHF, in turn equal to about
212,947.73 EUR.
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Chapter 8 — Conclusions

8.1 Advantages of the process of this project

As can be derived from the manner in which this project has been written this
whole procedure is meant as a tool and this text explaining it as a manual on how
it should be used. In that context, this project benefits significantly from the fact
that it is a complete tool, starting with a very basic input point, that of the rainfall,
and going all the way to an end level and usable result, that of the annual repair
cost.

The main features of this project that make the aforementioned possible are the
splitting of daily rainfalls into steps via the rainfall IDF curve methodology, the
detailed calculation of all factors that contribute towards the application of
R.U.S.L.E. and the tunnel flow model. In particular, the usage of the rainfall IDF
curve methodology for the splitting of standard rainfalls is quite an innovative
element within this project.

Moreover, not only does this project have the aforementioned advantages, but it
is also flexible enough to be able to operate in the same or similar manner for the
inputs of any dam to estimate the annual repair cost of a potential sediment
bypass tunnel for their reservoirs.

8.2 Overview of the results for the Ladonas reservoir

The results of this project in regards to the Ladonas reservoir in particular are as
follows: sedimentation in the Ladonas reservoir is high and its alleviation via the
construction of a sediment bypass tunnel is financially plausible. The calculated
sedimentation of the Ladonas reservoir in this project is about 15% and, with a
sedimentation rate of about 0.22% per year, that will reach 22% by the 100-year
mark of the dam’s operational life. Then the annual repair costs of a sediment
bypass tunnel in the Ladonas reservoir would measure to about 118,000 EUR,
which is doubtless a significant amount but it is by no means excessive for the
annual repair costs of a dam project.

A sediment bypass tunnel in the Ladonas reservoir will effectively negate
sedimentation within the reservoir thus extending the lifespan of the dam
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significantly. This will also remove the need for occasional sediment management
measures such as dredging. Additionally, the natural sediment flow downstream
of the dam will be restored as if it had never been severed in the first place and
any problems of erosion downstream of the dam will be resolved.

As to the matter of water loss, with good handling the sediment bypass tunnel
will only work within the confines of erosive rainfalls. This will allow sediment to
be diverted whilst minimising the amount of water lost from the reservoir
through the sediment bypass tunnel. Still, this point is worthwhile to emphasize:
Any pre-cautionary measures taken in the construction of a sediment bypass can
be made useless presence of careless handling of the tunnel. A sediment bypass
tunnel is a structure with a high construction cost and a high repair cost paid
every year throughout its lifetime. And, whilst a sediment bypass tunnel built
correctly will not suffer any catastrophic failure, every time it is mismanaged, that
will directly translate into a significant financial loss also. But if the management
of the tunnel is appropriate then the environmental gain, the preservation of the
volume and the extension of the lifespan of the reservoir will greatly outweigh
any losses of water during the diversion of sediment.

8.3 Possible future improvements of this project

The entire procedure of this project is, of course, not perfect. Normally the
estimation of the sedimentation and of the damages to a sediment bypass tunnel
require real life data. Very often, however, such data are not available or are
expensive to come by. From the very onset of this project, its aim was to provide
a reliable estimation of the damages incurred by a sediment bypass tunnel during
its operation especially when such data is absent.

The problem with the lack of such physical information is that some of it is
required by this project also and the estimations forced by the lack thereof
negatively affect the accuracy of the procedures involved. This mostly has to do
with the height at which the entrance of the sediment bypass tunnel is at, which
can only be set correctly if the height of the basin has been measured, which is a
survey not yet conducted for the Ladonas reservoir. The problem is that without
that information the height at the entrance of the tunnel had to be set at 414 m,
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based on a less-than-ideal piece of information from google earth, whilst the
actual unknown situation might force that height to be completely different, in
turn changing not only the elevation that the tunnel entrance stands at but also
the slope of the tunnel which is a data-point that massively influences all results
regarding the tunnel abrasion.

Furthermore, the fact that the height of the reservoir is not mapped also prevents
the creation of a more accurate height-volume equation for the tunnel in
particular and forces the usage of the height-volume equation of the reservoir via
the assumption of a high starting reservoir volume.

Of course, this project is not without flaws of its own, most notable of which
being the tunnel flow model. The model is not incorrect but, as it currently stands,
it is not as perfectly accurate as it could be. That is due to the absence of an
incorporated SSM procedure. And whilst the addition of that wouldn’t influence
the results in any major way for reasons explained in chapter 6, it would help in
accurately projecting the flow within the tunnel and thus making the model all
that much more precise.

Another point that warrants improvement in the tunnel flow model is the lack of
consideration for the entrance slope. This slope which exists at the entrance of
sediment bypass tunnels helps with the flow of sediment through the rest of the
tunnel. However, that slope has not been taken into consideration in the tunnel
flow model of this project. That said, introducing that entry slope to the current
tunnel flow model is probably the least arduous change to make among all the
improvements proposed in this chapter. That is because it simply requires the
addition of a flow section before the existing one that will otherwise function
precisely like the existing one and will then pass its end flow onto the next
section.

Last but not least, and as also mentioned in chapter 4, the limits based on which a
rainfall is to be considered erosive should be further studied and modified for the
usage of the rainfall IDF curve methodology for small return period rainfalls. The
limits used in this project are still arbitrary to a certain extent since they were
simply set to whatever values outputted the most sensible results in regards to
the R-factor and the number of erosive days per annum. Possibly there might be a
correlation between the limits themselves and the time-step that the daily
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rainfalls are split into as well as with the total rainfall amount of the rainfall
events themselves, but, and as also mentioned in chapter 4, that is definitely
worthy of an entirely separate research project of its own and thus beyond the

scope of this project.
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