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With four parameters I can fit an elephant, and with
five I can make him wiggle his trunk.

John von Neumann
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TeAeiwvovTag TIC ONMOUdEG Pou BEAW va euxapioTnow O00UC PeE OoTApIEAV O auTn Tnv
npoonabsia.

Apxik@ BéAw va euxaplioThow TOUuG Yyoveig pou, Niko kar EAévn, yia 00a pou €xouv
npoo@EPEl Kal yiaTi anoteAolV yia Jéva NpOTUNO €pyaTikOTNTAG, TIMIOTNTAC Kal NOIKNAG.

EuxapioTw eniong Tov enifAénovta kadnyntr, kKUplo AvaoTdoio =ZTdpou, Xapig oTov onoio
YV@PIoa TO aVTIKEIMEVO TNG YMOAOYIOTIKNG PeucTopnXavikng, yia TNV avaBson Tou moAu
evOIaPEPOVTOG BEPATOC TNG OINAWNATIKNG JOU £pyaaciag kai yia Tnv apioTn ouvepydaaia.

Euxapiotw Bgpud 1O VEO gpeuvnTn Avdpéa ManadnunTtpiou, o onoio¢ Ye Bor®noe oTnv
€YKATAOTACN KAl Xprion Tou AoylopikoU mMou Xpnoigonoinod, kabwg kal oTn ouyypaen
KwOIKa.

EuxapioTiec opeilovTal kai oto ouvadeApo MNwpyo MapkonouAo, o onoiog avenTu&e, ota
nAaiola Tng OIKNC Tou SINAWMATIKAG £pyaciag, To UdPOdUVAMIKO MOVTEAO TNG NANUNUPAG
Tng Mavdpag nou xpnoigonoinaa.

TéNog, euxapioTw Tn ypagioTpia Mapia KpnTikoU yia Tn BonBesia otnv ekuadnon

npoypdpuaTog enegepyaociag eikdvag. To Npoypapua Xpnolhonondnke yid TNV EVOWUATWON
glkOVWY and Ta neipapaTika dedouEva oTa ypa@nuaTa UNOAOYIOTIK®V ANOTEAEGUATWY.

NeBEVTNG MavTeAng






Abstract

In the present study TELEMAC-MASCARET system was used to simulate the effect of
sediment transport and geomorphological changes on the November 15, 2017 Mandra
flood. SISYPHE module was used for the sediment transport/morphological model, fully
coupled with a TELEMAC-2D hydrodynamic model. Flash floods (FF) are strong and fast
flows that occur from a few minutes to several hours after rainfall (Grutfest & Huber,
1991). They have been associated with intense soil erosion, which results in sediment
and debris transport. These occur mainly within catchments in arid and semi-arid areas
lacking vegetation, as are many cases in the Mediterranean basin. Climate change has
been suggested by recent studies to increase the incidence and the severity of rainfall
events as well as the desertification rate of vast areas (IPCC, 1995). The last is expected
to lead to an increase in the erosion rate in these areas and consequently the effect of
solid materials in flood flows. 2D mathematical models are widely used for flood
simulations, where the depth averaged values can be considered. This renders the
simulations of natural meandering rivers and channel bends a challenge, due to the fact
that the secondary current effects play an important role in both the hydrodynamic flow
regime, and the sediment transport/geomorphological processes. In order to study this
effect, several simulations of the Yen and Lee (1995) experiments were conducted. The
models were calibrated (A. Mendoza et al., 2017) and the predictions of 12 widely used
sediment transport formulas were compared to the experimental data. Van Rijn sediment
transport formula (1989) predicted a final riverbed morphology that was consistent with
the experimental measurements and was incorporated in the Mandra flood model.

Keywords: Flash Flood; Hydrodynamics; Sediment transport; Geomorphology;
Benchmark; Numerical Modelling; Attica; Mandra; TELEMAC-2D; SISYPHE.






Extevi|c llepiAnym/ Extended Abstract (in Greek)

1. Eloaywyn

O1 Zaopvikéc MAnuuupec (=M) eivar (Grutfest & Huber, 1991) yprlyopec poec oTnv
enipavela Tng g kar npokaAoUvTal anod evrovn BpoxonTwaon ot HIKpO XPoviko didoTnua.
Eival and Ta nio kataoTpo®ikd PUOIKA (PAIVOUEVA KAl £X0UV WC AMOTEAECHA TNV ANWAEIQ
avBpwnivwv {wwv, aAAd Kal OIKOVOUIKEG EMNINTWOEIG O Naykoouia kAipaka (E. Gaume et
al., 2008). To YEOO £TNOIO KOOTOC TWV (PUOIKWYV KATACTPOPWYV, NAYKOOHIWG, AVEPXETAl OF
40 ekaT. € (Munich Re, 2003). 'Eva onuavTiko UEPOC auTwVv opeiAeTal o =®. 'Eva POvo
eneioddio =M npo&Evnoe kaTaoTpopeC a&iag 1.2 skat. € ornv nepioxn Tn¢ Gard, otn voTia
FaAAia, 1o 2002, evw oTnv nepinTwon TnNG NANUUUPAc Tou notapou Aude, To 1999,
npokAndnkav kataoTpo®ég afiag 3.3 ekaT. € (Huet et al., 2003). 'Oco peyAAeg kal av
gival ol EMNTWOEIC OTNV OlKovopia, O0gv pnopoUv va OUuyKpiBoUv HE TIGC ANWAEIEG
avBpwnivwv (wwv. O TEAEUTAIEC, €ival onNUAVTIKEG TOOO OTIG UECOYEIAKEG XWPEG, AAAG Kal
€upUTEPA. XapakTnploTIKO €ival To napadelyuya Tng nAnuuUpag Tng BapkeAwvng (1962),
nou oToixioe TN (wn o navw ano 400 kaTtoikoug (L. Bustow et al., 1964). AvTioToIXNnG
€vTaong nNTav Kal Ta @aivouyeva oro Piemond Tng ITaAiag, To 1968 kai 1994, pe 72 kai 69
vekpoU¢ avTioToixa (Ferro, 2005/ Guzzeti et al., 2005). H ava xeipag OINAwUATIKN
gpyaocia napouacialel NTUXEG TNG HEYAANG =M nou €nAn&e Tnv nepioxr Tng Mavdpag oTic 15
NoeguBpiou Tou 2017 kai aToixioe Tn {wn o€ 23 avOpwnouc.

Ta TeAeuTaia Xpdvia, APKETEC UEAETEC MPOTEIVOUV OUOXETION HWETAEU Twv NOAU EvTovwv
BpoxonTwoewv, KAl Kat’ enéktaon Twv =M, Yye TNV KAINaTikn aAAayn (IPCC, 1995). AuTtd
avauéveTal va odnynosl og av&non TnG ouxvoTnTag sugaviong =M, kaT nou ekTigaTtar oT
Ba £xel 1010iTEpa OUOUEVEIC ENINTWOEIG O ENPEC NMEPIOXEG, ONWC N AekAvn TnG Meooyeiou
(Alpert et al., 2002). O1 =M Teivouv va e€ival nio KATaoTpoPIKEC OTav ekdnAwvovTal o€
aoTikO nepiBAAAov, To onoio xapaktnpiletar ano adianepaTeg enipaveieg (Davis, 2001).
‘Evag akdépa napdyovTag Nou GUVTAAEI O£ QuTO €ival To OTI N MEYEBUVON TwV NMOAEWV Oev
ouvodeleTal navra and épya avTinAnuuupikng npooTtaciac (C. Papathanasiou et al.,
2012). Ta €pya unodopng avanTuooovTal NOAAEC POPEC Yia va KAAUWOUV OUYKEKPIMEVEG
avdykeg nou MnPOKUMTOUV and TnV KOIVOVIKOOIKOVOMIKNR HEYEBUVON ayvowvTtag TIG
eVOEXOMEVWC apPVNTIKEG EMNTWOEIC Nou auta 6a £xouv oTnv napoxelTeon Twv
nANUPUpIkwV powv (C. Papathanasiou et al., 2015). TéToia €ival n nepinTwon £pywv nou
npokaloUv UdpopOp@OAOYIK aAAoiwon o€ Hia Aekavn anoppong f au&avouv TIG
adlanépaTeg ENIPAVEIEG.

O1 =N oxeTifovTdl YE EVTOVEG YEWHOPPOAOYIKEG aAloiwoelg (Eikdva 1), nou npokUNTouv
ano Tn oupnapdoupon Kai anobeon oTepewv and TIGC NANPUUPIKEG POEC. Avapéveral OTI ol
YEWHOPPOAOYIKEG aAAolwoelg Ba au&nBduv aTo PEAAOV, AOYw TNG EpNUOMNOINCONG NEPIOXWYV
nou @TAavouv w¢ Kal To 35% TNG eNIPAvelac TnNG OTEPIAG, ol onoieg Ba ival nio snippeneic
otn di1aBpwon (UNEP). H €nidpaon Twv OTEPEWV OTA UOPOJUVAHIKA XAPAKTNPIOTIKA TWV
NANUUUPIK®WV powv dev AauBaveral unoéwn ota diapopa PHoVTEAQ, WG OAPEPd.

Eikova 1. Evanobeon QpepT®V O péuaa KaTd TIC nnpul'.lpsq Tou AuyouaoTou Tou 2005 ot
neploxec TnG EABeTiac. (nnyn: wileyonlinelibrary.com/journal/espl).



2. BiBAoypagkn épevva
O okonog TnG BIBAIoypa®Ikng €peuvag eival n eniAoyn Tou MM nou Ba xpnoiponoinBei yia
Tn diINAwpaTikn epyacia. Autd Ba npénel va nAnpoi Ta akdéAouba kpIThpia:

1. Na sival eAelBepa diaBaipo oTo diadikTuo

2. Na £xel xpnoigonoinBei enapk®g kal va BewpeiTal a&ionioTo

3. Na diaB<Tel avoixTd KWOIKA MoU va EMITPENEI OTOV XPNOTN TUXOUOEC AAAAYEG

4. Na pnopei va Asitoupynoel e pia nAnBwpa €EIcWOswWV OTEPEOUETAPOPAG YId TNV

HEAETN Kal oUYKPION TWV ANOTEAEOUATWY TOUG HE MeIpapaTika dedoueva

Ta MalnuaTika MovTtéAa (MM) eival Baoikd epyaleio yia npocopoiwoelc =M. H avanTtuén
TNG TexvoAoyiag otn ouyxpovn €noxr OUVTEAECE OTO VA KATAOTNOEI OIKOVOUIKA EPIKTN N
ayopd npoownikoU unoAoylioTn and €va onuavTiko PJEPOG Tou NMANBucopoU. AuTo odrynos
oTNV €MNEKTAON TNG XPNnong Twv MM, Ta onoia HEXPI MPOTIVOG XpnoigonoloUuvTav yia
€PEUVNTIKOUG okonoUG, OTOV KAADO TWV HEAETNTWV Hnxavikwv. O1 kUpleg PHEBODOI nou
xpnoigonoioUvTal yia Tn dlakpIiTonoinon Tou Xwpou €ival ol péBodoG TwV NEMNEPATHEVV
dlapopwv (FDM), n upEBOJOC Twv nenepacuevwyv oToixeiwv (FEM) kal n pEBodOC Twv
nenepaopevwy oykwv (FVM).

Ta MM xpnaoiygonolouvTal yia avaAuon kivduvou TOOO oTnV undapyxouoa kataoraon, 600 Kal
0c MEAAOVTIKEG KATAOTAOEIG, aAAG €xouv kal &vav eupUTepo poAo (Van Duivedijk, 2005).
Mo Oouykekpihgéva, xpnoigonoloUvTal yia Tov €AEyXO0 TNG AMOTEAECMATIKOTNTAC
AVTIMANUUUPIKOV £PYWYV, YIA TNV EKTIUNON TWV ANOTEAECUATWY TNG NANWUUPAG OTA £pya
MIaG  nepioxng, KabBwg kal  yia  KATaoTpwon  XApTwv  NAnPuupikoU  Kivduvou.
XpnoigonoloUvTal TEAOG Kal yia Tnv avantuén ZuoTtnuaTtwv ‘Eykaipng Mpoegidonoinong
(ZEM) nou oTOX0 £XOUV TNV EVNUEPWON TWV NOAITOV Yia TuXoUuod €nepXOPeVN NANUUUPA.

Ta MM yia Tnv npooopoiwaon =M pnopei va eival oToxaoTikd, va BacifovTal dnAadn oTtnv
avaAuon Tng ouxvoTnTac TNG NANUUUPAC Kal VTETEPUIVIOTIKA, dnAadn va BacilovTal oTIg
(PUOIKEG 1010TNTEG TWV NAPAPETPWV Nou ennpealouv pia =M (Mambretti et al., 2008). Ta
VTETEPUIVIOTIKG MM e€ival ouxva povTéAa 810dguong NANKPUPAG, NOU EKTIMOUV TNV €EEAIEN
TOU UudpoypapnuaTog TnG OIATOMNG €10000U KATA MNAKOG HIAC KOITAG moTahoU 1 giag
NANMPUPIKAG Agkavng. Ta upoduvapika povTeAa 1A enmiAUouv 2 €§lowoelig yia va
npoBAéwouv Tnv €&EANIEN Tou udpoypa@nUATOG: TNV £&i0won TNG OCUVEXEIAC KAl TNV
e€iowaon TNG d1aTNPNONG TNG YPAUMIKAG 0pHAC. YnoAoyilouv 2 PeTaBANTEG TNG PONG, TNV
hEon TaxuTtnTa (U) kai Tn otabun Tou vepou (H).

Ta povTéda 016dsuong nANUUUpaAg unopei va e€ival udpoAoyikd 1 udpoduvapikda. Ta
udpoloyika povTéAa emAUouv TNV €€icwon diaTrpnong TNG Kadac Kai Jia EPNEIPIK oXEan
yla Tov unoAoyiopo Tou udpoypagnuartog e€E6dou. Eivar nmio anAouoTeuTikd anod Ta
udpoduvapikd kalr BewpolvTal akatdAAnAa yia TNV NEPINTWON TAXEWG AVUWOUHEVWY
udpoypapnuaTwWyV €100d0U, ONWC cupBaivel e TI¢ =M, yiaTi ageAolv Tnv €nidpacn ano Ta
avavTn. ZTa udpoduvapika PovTéAa avTiBeTa, AaufdavovTal unoyn autd Td QAivopeva Kal
yI’ autd evdeikvuvTal yia npooopolwoelg =M. Auta emAlouv TiG €iowaoelg Navier Stokes
yla va unoAoyigouv Tnv napoxn, Tnv TaxuTtnTa Kal TIC OTABUEG o€ BECEIC TNG PONC.

3TIG MEPECG HaG, Ta udpoduvapikd povTeEAa 1A kal 2A xpnoigonoloUvTal OTIG NEPICOOTEPEG
NEPINTWOEIC YId avdAuon nAnuuupikoU kivduvou (Kvocka et al., 2017), napdm Ta
nepIooOTEPA NpoypdupaTa diabéTouv kal povtéAa 3A. Eival onupavTikd va Bpebei pia péon
AUon PeTa&U Tng anairtoUPeEvVNG akpifeiac TwV anoTEAEOHATWV KAl TwWV OIATIBEUEVWY
UMOAOYIOTIK@WV duvaToTNTWwV. H gniAoyn Twv d1aoTAcEwV TOU WOVTEAOU €EapTdTtal anod To
MEYEBOC TNG neploXng HEAETNC (Huybrechts et al., 2010). Ta povTéAa 1A xpnoipgonoliouvTal
KUPIWG YIa NEPIOXEC MEYAANC €KTAONG Ot avTiBeon Pe Ta 3A YOVTEAG Nou evdeikvuvTadl yia
MIKPEG NEPIOXEG MEAETNC. Ta 2A xpnaoigonoloUvTal o€ evOIAUETEG NEPINTWOEIC. TA POVTEAQ
2 ypnoigonoloUvTadl yid Tn npocopoiwon =M yia Tov eninpocBeTo Adyo OTI unoAoyilouv
Ta YEoa kad’ Uwocg peyEdn, nou BewpeiTal IkavonoinTikr cUPBacn yia TIC NEPINTWOEIG ONou
n enipaveia nou Katalappaverar an’ Tnv NANPUUPa sival noAU peyaAuTepn ano 1o Babog
Tou vepod.
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Alapopa npoypdupaTa diaTibevral onueEpd, nou JnopoUv va xpnoigonoin®ouv yia
npooopolwoelg =M. Kanola and Ta nio yvwoTd eival To CCHE2D-Flow nou avanTtuxénke
and 1o Maveniotnuio Tou Miaioini, To HEC-RAS nou €ival mBavoTtata 1o nio d1adedouevo
Kal enapxel oe €kdooeic 1A, 2A kai 3A, To MIKE FLOOD nou sival éva naketo €idika
oxeO0IAOPEVO YId TNV MPOCOMOIWON NANHHUPIKOV (Qaivohévwy. TEAOC undpxel Kal n
nAaT@oppa Aoyiodikou TELEMAC-MASCARET, n onoia nepiAapBaver d1agopa UNOUOVTEAD
nou KaAUNTouv &va PeydAo eUpoC EPAPHOYWV.

H BiBAloypaQikn €pguva, nMou &yive oTad nAdiola TnG dINAWPATIKAG Epyaciac, apopd eKTOC
and Ta diabgoipya MM kal TIG eEICWOEIC OTEPEOUETAPOPAG. Me TNV NAPodo TwV XPOVWV HId
nAnBwpa ano eEIOWOEIC OTEPEOPETAPOPAC £XOUV avanTuXBei e okono Tnv nNpoOBAswn Tou
pubuoU oTepeopeTa®opdc. O pubuoC auTdC aPOPA GUVEKTIKO I MN OUVEKTIKO i{nua n yia
MiEN auTwv. H ouvoAIkr) oOTepeoueTapopd HNopei va avaAubei o 2 OUVIOTWOEG, TNV
oTepeoPeTAPoOpda o oUpan Kal Tn OTEPEOPETAPOPA O aiwpnaon. H TeAeuTaia €ival kai n nio
oNMAavTIKN Yia TNV NEPINTWON TOU PN ouvekTikoU I{HNATOG, TO OMNoio XPNoIKJOonoInénke oTIg
NPOCOHOIWOEIG TWV MOVTEAWV TNG dINAWMATIKNG €pyaaciac. =Tov lMivaka 1 napouaialovTal
KANOIEC BACIKEC NAPAUETPOI TWV EEICWOEWY OTEPEOUETAPOPAG, OMNOU: p, N MUKVOTNTA TOU
I{nUaTog, p,, N NUKVOTNTA TOU VEPOU, g n emiTtaxuvon Tng BapuTtnTag, Dsy n SIGUETPOG TOU
KOKKOU 1ZANaToc ano Tnv onoia To 50% Twv KOKKWV Tou OJeiyuaTtog €xel PIKpOTEPN
OIQUETPO, T, N JIATUNTIKA TAON NUBUEVA KAl V N KIVNUATIKA OUVEKTIKOTNTA.

Mivakag 1. Mevikéc NapdUETPOI OTEPEOUETAPOPAC OE NOTAMIO NEPIBAAAOV.
revikeg NapdueTpol
Ps = Pu
pW

SXETIKN NUKvOTNTA 4=

AdiaoTaTn OIAGUETPOG

_ % 1/3
KOKKOU I1{f|HaToG D.=( v )" Dso

Kpioiun napauerpog 024D+1,1<D, <4
Shields 0.14D +7%6* 4 < D, <10
[Mpoosyyion KAUNUANG | O4=< 0.04D %', 4 <D, <20
Shields - 0.013D %%2°, 20 < D, < 150
Van Rijn (1993)] 0.055, D, > 150
[Soulsby (1997)] 0. = m + 0.55[1 — exp(—0.02D,)]
I , k
Enipaveiakn TpIpn u=§—i, onou ¢ = 2[@]2, k=0.40 (von Karman)

ks
(s—-1)gD2,
18v

, Dso < 107*m,

_ 3
(1+ 0015729 _ 4| 10~* < D, < 10~%m
v
1.1y/(s — 1)gDsy, Dso >107m

Soulsby (1997) W, = =—[(10.36? + 1.049D3]"/* — 1036
50

Tp
(ps — Pw)gDso

TaxuTnTa dIaTuNoNG U, = \[;1

>Tnv enopevn oegAida napoucialovTtal HPEPIKEG gupUTATA XPNOIMOMNOIOUUEVEG €EICWOEIC
oTEPEOPETAPOPAC, KABWG Kal To eUPOC EPAPPOYNG Touc. H oTepsonapoxr Q, ekppaleral
o€ M?/s, eVv®) O€ KAMOIEC NEPINTWOEIC UNOAOYileTal Nnp®wTa n adiactatonoinuévn napoxn
oTEPEOUETAPOPAG Py, H aTEpEONAPOX XPNOIMOMNOIEITAI GTN CUVEXEIA YIA TAV EKTIUNON TNG
€EEAIENC NuUBPEva YEow TNC e€iowaong Exner.

TaxutnTa kabignong un | J 10v
OUVEKTIKOU I{ANATOC * e

MapapeTtpog Shields 0=
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. E€iowon oTepeopeTapopac iInuaToc os oupon Rottner (1959)

VUZ + V2 D D
Q, = \/ (s—1) gpgo{m [0.0667(%)2/3 —0.14] - 0.778(§)}

. E€iowon oTepeopeTapopac inuaTtoc o oupon Nielsen (1992)
= JG - DgDZy =(—22_— _0,05) [—2—
S )g 50 (P (S l)gDSO ) pW(S—l)gDSO
. E€iowon oTepsoysTapopdc IINUAToC os oupon Meyer-Peter & Muller (1947)
o _{ 0,avl <6,
®=18(6 — 6,,)%2,av 6 > 6,,

Qp =Py ’9(5 - 1)D3,

. E€iowon orepsopsTapopac i1nuaTtoc os oupon Van Rijn (1993)
0,av 0 <0,

Po=10.053p 03 (@0 "")21 av >0,

Qp =y ’9(5 - 1D,

. E€iowon orepsopsTapopac i1nuaTtoc os oupon Schoklich (1962)

qer = 021712, /gD3,, 6nou J n kAion evepyeiag
q = HVU? + V2 n napoxn

0, avq < q.r
o

25 32
/2@ = qer) avq > g

. E€iowon oTepeoyeTa®opag iIfnparog oe gupon Cheng (2002)
0.05
=13. 0915exp(—ﬁ
Qp =Py /g(s - 1D,
o E€iowon guvoAiknc oTepeopsTa@opdc Karim-Kennedy (1983)

Juz+v? U, ,
1[\/W]297(WS)1-471/Q(5 — 1)D3, 6mov k1=0.00139

o E€iowon guvoAiknc otepsousTagopdc Engelund-Hansen

5
Qy =0.1,/(s — D)gD3,( /(p P ) /Cr, ONOU Cr 0 GUVTEAECTNG TPIBAG.
w. 0

O napakdTtw nivakag napoucidalel To OUVIOTWHEVO EUPOG EPApHOY®Y dIaPOpwV EI0WOTEWV
OTEPEOUETAPOPAG OCUHPWVA He Toug Karamisheva et al. (2006).

Mivakag 2. EUpog epapuoywv eElowoswv oTepeopeTapopdc (Karamisheva et al., 2006).

E€iowon orepeopeTapopdc Baboc (m) KAign D (mm) V (m/s)
Meyer-Peter & Muller 0.01-1.20 0.0004-0.02 0.4-29.0 0.36-2.90
Scholkitch 0.01-0.22 0.00012-0.055 0.3-4.9 0.24-1.40
Engelund-Hansen 0.06-0.31 0.000055-0.019 0.19-0.93 0.19-1.90
Ackers-White 0.18-11.5 0.000022-0.0015 0.04-4.0 0.33-0.87
Yang 0.01-15.0 0.000043-0.028 0.15-1.7 0.24-1.95
Karim-Kennedy 0.03-5.20 0.00015-0.024 0.14-28.65 0.31-2.84
Van Rijn 0.10-16.0 NA 0.19-3.6 0.34-1.55
Molinas-Wu 1.50-62.2 0.000002-0.0025 0.02-2.6 0.2-2.42
Yang-lim 0.01-16.5 0.0003-0.013 0.02-57.0 NA
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3. H mAat@oppa Aoyiopikov TELEMAC-MASCARET

H nAatpopua AoylodikoU TELEMAC-MASCARET emiAéxOnke yia Tn OINAWMATIKN €pyaacia
yiaTi nAnpoi Ta kpITAPIa Nou TEBNKAv nponyoupdevwe. MpokeiTal yia €va avoikTd cuoTnua
and eniPEpouc unopovTEAa nou KaAUNTouV €va PEYAAo €UpoC epapuoywVv Kal BacileTal os
dlakpiTonoinon Xwpou NENEpPAcPEVWY aToixsiwv (FEM):
e SISYPHE €ival To UnouovTEAO OTEPEOPETAPOPAG Kal EEEAIENG NuUBpEva.
e To NESTOR afonoiei Ta Oedopéva anod PubBokophoeslic ot notapouc vyia
NPOCOMOIWOEIC HETABOA® TOU NUBPEva.
e To MASCARET 1 &ival To udpoduvapiko HovTEAO 1A yia MPOCOPOIWTEIC UE EAEUBEPN
em@aveia
e To ARTEMIS xpnoidonoleiTal yid NPOCOMOIWOEIG MOU OXETICOVTAl WE AVEMOYEVN
KUMATA OE AKTEC KAl AIMEVEC.
e To TELEMAC-2D c€ival To udpoduvapikO HOVTEAO 2A Nou XpnolhonolgiTal o€
NMPOCOMPOIWOTEIC NMou XapakTnpilovTal and YIKpO O£ OXEON PE TNV €niQAvela Badog.
e To TELEMAC-3D XpnOIMOMNOIEITAl YIQ NMPOCOUOIWOEIC NMOU APOpoUV OXETIKA MIKPNG
EKTAONG NePIOXN MEAETNG OTIG onoieg dev pnopoUv va xpnoigonoinBolv Ta pEoa
kaB’ Uyog peyendn.

MNa Ta JOVTEAA nou npooopoiwdnkav oTn JINAWHATIKI €pyacia Xpnoigonoinénke To
SISYPHE yia Tnv povTeAonoinon Twv dIEPYAcI®V TNG OTEPEOUETAPOPAC/EEENIENCG NUBUEVA
apeoa ouleuyueEvo Pe To TELEMAC-2D yia To udpoduvapiko KabeoTwc.

O kwdIkac Tou TELEMAC-2D emiAUel To akoAouBo ouoTnua diapopiKwV EEICHOEWYV :

dh . .
% +uV (h) + hdiv(u) = S, E€iowon ouvexelag (3.1)

Ju 0z 1 . \ . .
Fr +uV(u = —95; + S, + Ed“}(hvt vV u) E€iowon diatrpnong opung KaTta x (3.2)

a azZ 1
6—1; +uv @)= —g@ +S, + Ediv(hvt Vv v) E€iowon d1aTrpnonG opung KaTa y (3.3)

oT 1 . . .
T +uV((T)=S+ Ediv(hvt v E€iowon diatApnong IXxvobeTwy (3.4)

onou:

h (m) T0 BdBOG pong

u, v (m/s) ol OUVIOTWOEC TNG TaxUTNTAG
t (m/Il or °C) na®nTikog 1XvoBETNG

g (m/s?) emTaxuvon Tn¢ BapuTnTag

v, vr (M?/s) 0TaBepEG opunG Kal IXVOBETN
Z (m) oTadun eAeliBepnc enmiPpAaveiag

t (s) xpovog

X, Y (M) op1lOVTIEC OUVTETAYHEVEG

S, (m/s) nnyn Tou uypou

Sy (m/s) nnyr Tou IxvNBETN

H, u and T €ival ol dyvwaoTol

€ NPOCOHOIWOEIG Apyd €EEAICOOUEVWV (AIVOHEVWY, ONWG n napdkTia didBpwaon, To
HOP@OAOYIKO HOVTEAO Odev eival ouleuydévo pe To udpoduvapikod, Ot avTiBeon HeE Ta
NANUUUPIKA Qalvoueva, nou n diaBpwaon YIiVETAl TAutoxXpova HE TNV npowbnon Twv
YPAYOPWV EMIPAVEIAKWV PpOWV. ApXIKA YIVETAI 0 UNOAOYIONOC TNG OTEPEONAPOXNG KAl OTN
ouvexela To SISYPHE eniAuel Tnv e&iowaon Exner yia Tnv €§€AIEN Tou nubpéva:

9z, 9(8, a(qt,x)  d(qt,
(1_p)_tb+ ccy)  9(qtx)  0(aty)

3 ng,—ng =0 (3.5)

ot ox dy €
onou:

e 7y n oTaddun nubuéva

e p TO NOPWOEC TOU NuUBPEVa

e Cp N OUYKEVTPWON o€ i{nua TnG aTpwong IZUaATog o aupaon



4. [Ipocopolwoelg Twv Tepapatwy Yen & Lee (1995)
Ta nepdpata Twv Yen kar Lee (1995) eival ané Ta Mo yvwoTd Msipapara
oTEpEOPETAPOPAC Kal €EEAIENG NUBPEVA KAl POVTEAA TOUG Mpocopoiwdnkav, ora nAaiocia
TNC SINAWPATIKAG epyaaiag, yiaTi napouaialouv Ta akdAouba XapakTnpIoTIKA:

1. KekAlgévo kavaAl hJe kaunuAo TUAKA Kal aAouBiakEG anoBEoeic oTov NUBuEva.

2. MeTaBaiAdpevn pon.

3. 'T{NuUa PE OUYKEKPIPEVN KOKKOWETPIKNA diaBabuion (Un opolopopgpo).

Ta xapakTnploTiKa nou eniAéxOnkav npooopolalouv ekeiva Twv =M. O1 pynxaviouyoi nou
oxeTilovTal YE TN OTEPEoPETAPOPa Kal TNV €EEAIEN nuBueEva €ival oTnv npayPaTikoTnTa
noAU mio ouveBeTol and autoug o euBUypaupa kavaAiia, AOyw Tng eykApolac ouvioTwoag
TNG pOoNG O OTPOPEG KAl KAT' €NEKTAON TNG EYKAPOIAC OTEPEOUETAPOPAG.

H neipapaTikn d1aTA&n anoteAeiTal and €va kavail nAdToug 1m, Pe euBUypappa TUNUATA
MAKoug 11.5m avavTn kal KatavTtn Tou NMIKUKAiou pe akTiva 4.5m. H kaTtd pnikog kAion
gival 0.2% kal n gykapoia 0 ornv apxikn ¢aon. O nubuévacg sival oTpwPPEVOC e 20cm
1I{ANaTOG PEONC JIQUETPOU KOKKWV 1mm Kal Tunikng anokAiong 2.5. Katd tn di1dpkeia Tou
NeIPAPAToq To KavdaAl dev epodialeTal Ye emnAéov idnua and Tn diatoun €100d0u. ApXIKA n
napoxn kai To BaBog pong €106dou eivar aTabepd, 0.02m>/s kal 5.44 cm avTioToixa Kal
OTn OUVEXEId auTd au&avovTal ypaupikd, HE TNV €QApHOoyn €vOG udpoypapnuaTog oTn
diaToun €10000U, ev® EMEITA MEI®VOVTAlI &ava WEXP! va QTACOUV TIC APXIKEG TINEC. Ta
XapakTNpIoTIKA TwV 5 neipaugdtwv nou dievepynbnkav and Touc Yen kal Lee (1995)
napouaoialovral oTov NApdkdTw nivaka. H adlaoTaTonoinuévn, ME To apxikd Badog pong,
METABOAN Tou nuUBpEva METPRABNKE Kal NAPOUCIACTNKAV Td ANOTEAEONATA OTIC OIATOMEG
MEYIoTNG d1aBpwong kal anobeong (Mivakag 4 kai MNivakag 5).

Nivakag 3. XapakTnpioTikd Twv 5 neipapdtwyv Twv Yen kai Lee (1995).

Run Q, (m*/s) h, (m) Ty (min)
1 0.0750 0.129 180
2 0.0685 0.121 204
3 0.0613 0.113 240
4 0.0530 0.103 300
5 0.0436 0.091 420

Mivakag 4. AdiaoTaTonoinuévn YeTaBoAr nubugva otn B€on PYEYIOTNG ENiXWONG.
r/re

0.900 [ 0.913 [ 0.925 [ 0.950 [ 0.975 [ 1.000 [ 1.025 [ 1.050 | 1.075 | 1.088 [ 1.100
75° 1.13 1.03 0.99 0.86 | 0.75 | 0.55 | 0.30 | -0.50 | -1.25 | -1.47 | -1.54
75° 0.92 | 0.81 0.70 0.57 | 0.35 | 0.03 | -0.11 [ -0.33 | -0.79 | -0.88 | -1.00
75° 0.88 | 0.81 0.74 0.53 | 0.30 | -0.06 | -0.18 | -0.24 | -0.47 | -0.57 | -0.65
90° 0.81 0.74 0.65 0.33 | 0.17 [ -0.07 [ -0.11 [ -0.29 | -0.33 | -0.44 | -0.58
90° 0.75 | 0.72 0.63 0.29 | -0.02 | -0.07 | -0.07 | -0.13 | -0.42 | -0.42 | -0.40

Run | Section

V(P |WN|=

Mivakag 5. AdiaoTatonoinuévn YeTaBoAr nubusva orn B€on péyiorne diaBpwanc.
r/re

Run 0.900 | 0.913 0.925 | 0.950 0.975 1.000 1.025 1.050 1.075 1.088 1.100
1 0.86 0.80 0.73 0.53 0.37 0.29 0.06 -0.66 -1.34 -1.77 -2.06
2 0.83 0.66 0.61 0.51 0.28 0.16 -0.03 -0.35 -1.04 -1.43 -1.62
3 0.82 0.69 0.62 0.40 0.28 0.07 -0.21 -0.66 -0.96 -1.39 -1.55
4 0.52 0.40 0.36 0.13 0.04 -0.07 -0.14 -0.19 -0.33 -0.60 -0.67
5 0.32 0.18 0.08 -0.03 -0.09 -0.08 -0.07 -0.18 -0.24 -0.35 -0.42

Xpnoigonoiénkav didgopa WOVTEAA yia TIC MPOCOMOIWOEIS TWV MNEIPANATWV Twv Yen &
Lee (1995). AEZionoindnkav OAec o1 JIaB&éoigeg anod To  AOYIOMIKO  €EI0WOEIG
OTEPEOUETAPOPAG KAl NpooTEBNKav 7 akoua, oc yAwooa FORTRAN. Apxika dounénkav 12
HMOVTEAD HE 10apIOPEG EEIOWOEIC OTEPEOPETAPOPAG KAl UE AUTA NMPOCOPOIMONKE TO Neipapa
4 (Run-4) pe inua oPolopopPnC KOKKONETpiag. Ta 6 ano autd nou £dwaoav Ta KaAUTepa
anoTeAéopata Xpnoigonoineénkav yia TIC NPOCOMOIWTEIC Kal TWV 5 MEIpAPdTwV HE MdN

OHOIOMOP®PO ifnua.



‘Eva onuavTiko KOPPATI TWV NMPOCOUOINCOEWY AQUTWV TWV JOVTEAWYV NTAV TO KAAIUNPApIoud
TOoug, oUTWC WOTE va AauBAaveral unown n €ykKAapola ouvioTWod TnG TaxuTnTag Kal n
€YKAPOIa OTEPEOUETAPOPA. Ta 2A POVTEAA uoTeEpOUV O AuTO TO ONMEio yiaTl Bewpolv
MEOEC KAB’ UWoC TINEG TwV HeyeBwv. M’ auTo Tov Adyo yiveral diopBwan, TO0O WS NPOG TN
OlelBuvaon TNG OTEPEOUETAPOPAG, OCO KAl WG NPOoC Tov pubud Tng. EmAEXOnke n
npooéyyion Talmon et al. yia Tn d1eUBuvon TNG OTEPEOPETAPOPAC KAl ekeiv Twv Koch &
Flokstra yia Tov puBuo Tnc. H napdapetpoc A Tng deutepelioucac pPong oTto udpoduvapiko
MOVTEAO emAéxOnke 12 kal n napauerpog B, vyia Tn d10pbwaon Tng dielBuvaong
oTepeopeTa@opdc enmAexdnke 1.6 (A. Mendoza et al., 2017). Ta anoTeAECOPATA PE QUTEG
TIC NAPAMETPOUG NTAv £vBapuvTIKG Kal yia To 4° neipapa OUYKEKPINEVA KAAR €KTiUnon
€0woe TO POVTEAO ME TNV €€iowan oTepeopeTaPopdc Van Rijn (1989). =tnv Eikova 2 Ta
anoTEAEOUATA OUYKPIvVOvTal YE EKEIVA nMpooopoiwong Pe opoidpop®o inua 1mm (Villaret
et al., 2013), Tn p€Bodo Tou Engelund (1974) yia Tnv enidpaon TnG deuTepelouadas Pong
Kal TNV €€iowaon oTEPEOUETAPOPAC TwV Meyer-Peter & Mueller.

0.62 P
0.44
0.42
0.24
0.22
o 0.04
=
o 0.02
a < 0.16
4
=]
-0.18
-0.26
_0.28 —.Efper'lment .56 —@Experiment
Villaret et al. (2013) ) ——Villaret et al. (2013) simulation
-0.58 ———Diploma thesis simulation (Van Rijn) -0.76 —iploma thesis simulation (Wan Rijn)
0.9 1 1.1 0.9 11

1

rfr. rfr.

EikOva 2. >0ykpion TwV anoTEAEOPATWV HovTéAou pe e€iowon Van Rijn (1989) kai

HovTEAOU pe e€iowon Meyer-Peter & Mueller (Villaret et al., 2013) oTi¢ B£0IC PEYIOTNG
andbeonc (apioTepd) kal péyioTng diaBpwong (d€€1d) Ye Ta NelpapaTika dedopeva.

H Oigpelvnon agopoloe TIC JIABECINEG AnO TO AOYIOMIKO £EI0WOEIC OTEPEOUETAPOPAG:
Meyer-Peter & Mueller, Einstein-Brown, Hunziker, Engelund-Hansen kai Engelund-Hansen
& Chollet-Cunge. e auteg npooteébnkav ol: Cheng, Karim-Kennedy, Ackers-White,
Frijlink, Yag Lim, Nielsen kai Reid. H Engelund-Hansen & Chollet-Cunge &dwoe Ta
KaAUTEpa anoTeAéopaTa  OTIC MNPOCOMOIWCEIC ME OMoIOpopo  ilnua. AvTiBeTa OTIG
NMPOCOUOIWOEIC ME YN OPoIOPOop@O ifnua kaAd anoTeAéopata €dwoav ol Meyer-Peter &
Mueller, Van Rijn, Cheng, kai Reid. Ta anoteAéopaTta Twv dUo TeAeuTaiwv napoucialovral
otnv Eikova 3.

--2m +2m-

_-2m 2-1 :25

Eikova 3. Oi 100UYeic Twv anoTeAeopdTwyv PETABOANG Uwoug nubuéva and Ta PovTEAa
Twv eflowoswv Cheng kal Reid os oxéon pe Ta neipapaTtika dedopeva yia To Meipapa-1.
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5. XapaKTnpLoTiKA TG mAnuuvpag s Mavdpag

H noAn Tng Mavdpag BpiokeTal oTto Opidoeio Medio, oTn AUTIKR ATTIKN Kal nepIBAAAETal
and Tnv Mapvnba oto Boppd, To 6pog AlyAAew avaToAikd, To 6pog MNaTepag duTika Kai TNV
napaAia Tng EAsucivag oto voTo. AnoTeAsi Tnv £0pa Tou drnupou Mavdpacg-EiduAAiag, pe
em@avela 426197 km? kar 17885 pOVIMOUG KaTOikoug oUN(WVA ME TNV TeAeuTaia
anoypa®n (EAAnvikn ZtaTioTikn Apxn, 2011). BpiokeTar og Aekdvn anoppong £KTAoNG
nepinou 75 km?, Tnv onoia diatpéxouv didgopa péuarta, Ta onoia cuykAivouv ota 2 kupia,
To ZoUpec kal Tnv Ayia AikaTepivn, He Aekdvec anopponc 23 kar 22km? avTtioToixa. H
KOITN TWV PEPATWV EXEl UMOOTEI EKTETAMEVEG HOPQPOAOYIKEG AAAOIWOEIG TIC TEAEUTAIEG
OeKAETIEC, ME OUVENEIQ TN UEIWON TG NAPOXETEUTIKOTNTAC TOUG.

H ouxvotnTa €u@aviong nNANMUUPIK®V QAIVOMEVWY OTNV NePIoXn TnG Mavdpac kai n
avaykn METPIAoUOU TWV EMNINTWOEWY TOUG OTN TOMIKNA KoIvwvia, odrjynoav oTnv €knovnon
TNG TEAIKAC MEAETNG TwV EPYWV AVTIMANUUUPIKAG npooTaciac Tov IoUAlo Tou 2012. Ol
nepIBaAAovTikoi 0pol TNG HEAETNG eykpiBnkav 2 xpovia apydTepa, Tov IoUAIo Tou 2014 kai
Ol KOITEC Twv PeYATwvV oploBetnBnkav Tov Iavoudpio Tou 2016. Ta £pya auTtd
anotehouvTal ano:
1. Tn diguBéTnon Tou pEuartog ZouUpeg (MNkog 1.74 km, napoxn oxedlaogpou 91-125
m3/s ka1 diatopr) 24.0-34.4 m?)
2. TN MEPIKN ekTponn Tou p. Ayiac AikaTepivng npog 1o p. ZoUpeg (unkog 1.52 km,
napoxn oxediacpol 47 m>/s kai diatoun 12.5-24.0 m?). KatavTtn TnG EKTPONAG, N
Avyia AikaTepivn PeTa and €va unoyeionoinUévo TuNua (Pnkog 2.27 km, napoxn 10
m?3/s kar diatoun 3.4 m?) ekBaAel oTo p. ZoUPEC. To p. ZoUPEC DIEPXETAl anod To
undapxov dIEUBETNUEVO TURAKA Tou PE didupo kavaAl (4.0X3.0 m?).

H Bpoxontwon nou npo&vnos Tnv =M Tng 15" NoepPpiou 2017 Eekivnoe ano To
anoyeupa TG 14" kal KopuPpwONKE TIG NPWTEG NPWIVEG WPEG. ApXIKA ATAv ANIAg Evraong,
woTOo0 Katd Tn didpkela TNG vUXTAG ekdNAwONKav kaTalyideg Bopeia Tng Mavdpag kai TnG
Néac Nepapou, nou dinpknaoav nepinou 8 h. H BpoxonTtwaon &enépaos Ta 200 mm PEoa o€
6 h, To peyaAUTepo HEPOC TNG onoiac WeTa&u 5:00 kar 8:00, cUppwva pe To EBvVIKO
AoTepookoneio ABnvwv. OI NApoOXEG eKTIUAONKE OTI avTioTolxoUv o BpoxONTwon HE
nepiodo enavagopdc 50 xpovwv. 'Eva and Ta XapakTnpioTIKa TOU (alvopévou €ival n
EVTOVN OTeEpeoPeETAPOPd MNou napatnpndnke, AOyw Tng d1ABpwonG Twv aAAoUBIGK®V
anoB&oewv Nou €ixav CUOCWPEUTEI 0TO TUNHA TNS AekAvng anoppong avavrtn Tng Mavopag
(E. Lekkas et al., 2017). O1 dUCHEVEIG EMINTWOEIC TG NANPUUPAC o@eilovTal ekTOC anod Tn
OpIHUTNTA TWV KAIPIKWV (PAIVOUEVWYV KAl oTNV PJeyEBuUvon TNG NOAng Tng Mavdpag, n onoia
avanTtuxdnke kadbera otn dielBuvon Twv pePdTwV.H nepioxn €Xel NANYEi anod NANPPUPIKA
(PAIvOPEVA MIKPOTEPNG KAIAKAG APKETEG POPEG, KE M0 NPOOYPATN €keivn Tou Iouviou Tou
2018. ZUP@WvVA HPE TOUG KATOIKOUG, Ol MANUUUPIKEG POEC TNG MEYAANC MANUMUpPAC Tou
NoéuBpn Tou 2017 €pTacav ora O6pla TNG NOANG, YE €vTovn TNV nNapouadia eepTwv, yUpw
oTig 6:00 n.p..

H opdada nou aoXoAnBnke Pe Tn WEAETN TNC NANUUUpAc TnG Mavdpac, anoteAoUPevn ano
NPONTUXIaKoUG Kal HETANTUXIAKOUG PoITNTEG TNG =.M.M. E.M.I., ENIOKEPTNKE 4 POPEG TNV
nepioxn, To @BIvonwpo Tou 2018. OI NpWTEG 2 EMOKEWEIC £ylvav yid Tn OuAAloyn
NANPOMOPI®Y anapaiTNT®WV yid To MM nou Xpnoigonoinénke yia TIC NPOCOUOIWCEIC. Tio
OUYKEKPINEVA HETPNONKAV Ta NAATN TWV KOITWV, Ol dIACTACEIC TWV OXETWV, AAAG Kal ol
MEYIOTEC OTAOHEC TwWV NANUPUPIK®OV powv. O1 TeAeuTaieg xpnoidonoindnkav yia Tnv
eNBeBaiwon TWV anoTEAEOUATWY ToUu UOPOJUVAMIKOU POVTEAOU Kal n WETPNON TOUG ATAv
EQIKTN MNVEG HETA TNV MANMMUPA AOYw TNG Unap&nc AenTOKOKKOU IZNUATOG Nou Agpnoe
iXVn OTOUG TOIXOUG TNG NOANG. O1 2 TEAEUTAIEG EMICKEWEIC €yIvav yia Tnv diavoun Kai
OUAAOYN €PWTNUATOAOYIWY, OXETIKWV ME TO OXedIAOWO €vOC SuoTnuaTog 'Eykaipng
Mposidonoinaong aTnv nepioxn.
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6. To MM ¢ mAnuudpag s Mavdpag

To unoAoyioTikO NAEyHa nou Xpnoihonoinénke yia To JovTéAo TnG Mavdpac anoTeAsiTal
and 85753 onueia kal 167051 Tpiywvikd oTtoixeia. Mapaxbnke YEow Tou AoyioHIKOU Blue
Kenue. To Blue Kenue J31aB€tel 2 eniAoyEC yia umoAoyloTikG nA€ypaTta: To T3 Mesh
Generator kal To T3 Channel Mesher. To TeAeuTaio XpnoIdonoINBNKE yia TNV napaywyn
TWV UNOAOYIOTIK®OV NMAEYHATWV TWV 2 pEPUATWV, TA OMNOIA OTN CUVEXEID EVONoINdnkav Pe 1o
€EWTEPIKO NMAEyua, HEow Tou T3 Mesh Generator. STn ouveéxela, £yIve eVOWPATWON EVOG
apXEioU UWOUETPWYV OTO UMOAOYIOTIKO MAEyHd, KABWG KAl €£vOG ApXEioU EMIPAVEIAKNG
TpaxUTNTag nou BacioTnke ot XApTeC kKaAuwng yng (Corine Land Cover). XTo POVTEAO
€YIVE Kal €10ayWYyn AapXEiou JUE TA TEXVIKA €pya nou oXeTi(ovTal HE TNV NapoXeUTEUON TWV
NMANMPUPIKWOV POWV.

To unoAoyioTikd NAEypa Tou MM nepihapBavel 4 avoixTda opia. Ta 2 sival 6pla €1g6dou Kal
BpiokovTal 0TO AVWTAPO AKPO TOU p. Z0oUpPEC Kal Tou p. Ayia AikaTepivn. Ta 2 opia €€6dou
BpiokovTal aTnv €KBOAN Tou p. ZoUPEC GTO p. ZAPAVTANOTAMOC Kal aTo p. Mikpd KaTepivi
avavTtn Tng noAng Tng EAsuaivac. Ta udpoypapnuarta nou Xpnaoigonoinénkav oTiG OIaTOUEG
€10000u gival Tou Tsakiris (2017)

To OAOKANPWHEVO HOVTEAO MOU XpNOIMONOINBNKE yia Tn Npogopoiwaon TNG NANKPUPAg TNG
Mavdpac Paociletal o 2A UudpoduvapiKO HOVTEAO, NANPWG OUJEUYHEVO WE TO
YEWHOPPOAOYIKO/UOVTEAO OTEPEOPETAPOPAC. To TeAeuTaio Xpnolgonolel Tnv efiowan
oTepeopeTagopdc Twv Engelund-Hansen & Chollet-Cunge kai éneira unoAoyilel Tnv
€EEAIEN TNG Hop@oAoyiag Tou nubueva pe Tnv e€iowon Exner.

MNa 1o YEWHOPPOAOYIKO/UOVTEAO OTEPEOUETAPOPAC XPNOIYONOINBNKE apxeio oTo onoio
opioTnkav ol pn O1aBPWOIYEC NEPIOXEC. =€ aAUTO nepiAauBavovTal €niong Ta apyeia Tng
YEWUETPIAG Kal TNG enipaveiakng TpaxuTtnTtag. OpioTnkav 2 un O1aBpwOoIPEC nepIoXEC. H
NPpWTN ANOTEAEI TNV €MIPAVEId Nou KAAUNTEI N NOAN TNG Mavdpac, evw n AAAN TNV €KTaAon
nou kataAaupBavelr n Blopnxavikn nepioxn (Eikova 4). MpooTébnkav kalr 2 HIKPEG HN
OIaBPWOIYEG MEPIOXEG OTA AVOIXTA Opla €10000U YIA TWV MEPIOPIOUO TWV AVEEEAEKTWV
OlaBpwoewyv nou npokaAoloav ol PeydAeg TaxUTNTEG AOyw UMOAOYIOTIKWV aoTABeiwy o€
EKEIVEG TIG NEPIOXEG.

Inflow
Boundaries

Industrial
Zone

Mandra
City

Eikova 4. O1 un 01aBpWOIUEC NEPIOXECG GTO UNOAOYIOTIKO NAEYHa Tou MM Tng Mavdpac.
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7. ATOTEAEOPATA KAL OYOALXOUOG

MeAeTABNKE n €nidpaocn TwV MANUUUPIKOV POWV OTN YEWHOPEOAOYIKR dAAoiwon TNng
KoIiTNG NoTapwyv. Xpnoigonoinénke n nAatgpopua Aoyiouikou TELEMAC-MASCARET (Galand
et al., 1991; Hervouet and Van Haren, 1996) via €va nAnpw¢ ouleuyuEVO HOVTEAO
TELEMAC-2D/SISYPHE vyia Tn HeAETN TNG nNANUUUpag Tng Mavdpac. To povTéAo, nou
BpioKeTAl O£ NPOKATAPKTIKO OTAdIO, XpNnolhonolei Tnv €&iowon OTEPEONETAPOPAC TWV
Engeland-Hansen & Chollet-Cunge. H TeAeuTaia €dwoe kaAAd anoTeAéopata oTnv
npooopoiwon Tou neipapaToc Twv Yen & Lee (1995) yia opolopyopgo idnua. Ma tnv
Mpooopoiwaon  TNG  OTEPEOUETAPOPAC KAl TNG  YEWMOPPOAOYIKNG  aAAoiwong
Xpnoiponoifdnke opolopoppo i{nua nou BpiokeTal oTo Oplo PETAEU AENTAC AUPOU Kal
INUOC (0.63mm), Adyw €AAsipng 1nuaTtoloyikwv Oedopevwyv. H npoogyyion Twv A.
Mendoza et al. (2017) dev akoAouBnbnke yiaTi dev napaTnpnOnke &vrovn €nidpacn TnG
deuTepelouaacg pong. Ta anoTeAEopaTa TnG NPooouoiwang nTav Ta akdAouba:

1. 210 avavtn TUAMA Tou p. ZoUPEC MAPOUCIACTNKE €vVTOvVh HOPPOAOYIKI aAAoiwaon
nou €prtace Ta 2 m d1aBpwon kal To 1.5 m enixwon. O1 TINEG AUTEG ePPavioTnkav
o€ neplopiopévn enipavela nepinou 4.5 h and Tnv évapén TnG NPooopoiwaong.

2. XTo avavtn TuAMa Tou p. Ayia AikaTtepivn n YEwPoOp@oOAoyikn aAloiwon nTav
AYOTEPO €vTovn AOYw TNG MIKPOTEPNG KAiong nuBueéva. O1 WEYIOTEG TIMEG Mou
nposkuwav ATav 1.2 m kai 1 m yia Tn didaBpwon kair Tnv enixwaon avtioToixa. Ol
aKpaieg TIYEC epgavioTnkav nepinou 5 h and Tnv €vapén Tng npooopoiwong Kai
NTav o€ NEPIOPICKEVN ENIPAVEIQ.

3. 2To p. ZouUpeg napoucidoTnke dIABpwON OTIC OXOEC Kal EMiXwWON OTO HECO TWV
dlaTopwv. To Qaivohevo auTo ATav AlyoTEpPO EVTOVo OTo p. Ayia AikaTepivn.

4. MapatnpnBnke XpPOVIKN UCTEPNON METAEU TNG EPPAVIONG TWV HEYIOTWV TAXUTATWV
Kal TNG YeyioTng d1aBpwong nou €ptace Tnv 1h.

5. Ta anoTeAéopaTa TOU POVTEAOU YyId TNV €MIQAVEId TNG NMANKPUPAC €ival pia KaAn
NPOCEYYION TNG aVTiOTOIXNG ENIPAVEIAG NOU PETPHONKE.

6. H enidpaon TwV YEWHOPPOAOYIKWV GAAOIWOEWY OTNV £KTACN TNG NANKPUPAC TNG
Mavdpag dev NTAv CNUAVTIKN.

8. ZUUTIEPACUATA KAL TIPOTACELG

Ta anoTeAéopaTa Tou HOVTEAOU TnNG Mavdpag Bewpndnkav Aoyikd. QoTO00, TO HOVTEAO
BpiokeTal akdpa O npokaTapkTikd oTAdlo KAl TA dAnOTEAECOPATA Tou TMpEnel vd
eMmpBeBalwBolV PE OXETIKEG WETPROEIC Nediou. MepIKEC MPOTACEIC yid Tn BeATiwon Twv
HaBnuaTIK®V NPOCOPOIWOEWY TNG NANUKUPAg TNG Mavdpag €ivail ol €EnG:

1. H nepaitépw diepelivnon TNG €nidpacnc TWV YEWHUOPPOAOYIK®V AAAOIWOEWV OTIC
NANUUUPIKEG poEC. M0 OUYKEKPIYEVA MPOTEIVETAl N €Eaywyn XPOVOOEIpWV Yia Td
Badn pong Tou UdPOJUVAMIKOU KAl TOU OAOKANPWHEVOU HOVTEAOU OE JIATOUEG TWV
PEUATWV KAl N HETAEU Toug oUyKpion.

2. OI nNANUUUPIKEG POEG MOU  gu@avioTnkav otnv  nepintwon Tng Mavdpag
xapakTnpioTnkav and Tn PJeTagopd Kal anobeon adpoPeP®V UAIK®WV, KATI Nou Jgv
pnopei va npocopolwBei pe To TELEMAC-MASCARET. lN‘autd To AOYo npoTeiveTal
Kal N npooopoiwon evoc aAlou PovTEAOU nou Ba AauBavel To (AIVOUEVO aAUTO
unown Tou.

3. lMpoTeiveTal N npooopoiwon PE PN odolopop®o ilnua, 6Tav undapéel npdéoBaon os
I{NUaToAOYIKAG O£dOUEVA. € AUTA TN MNEPINTWON CUVIOTATAlI N XPNon MOVTEAOU ME
Tnv €€icwon Tou Van Rijn (1989), n onoia £€dwoe Ta KAAUTEPA ANOTEAEGUATA OTNV
npocopoiwaon Tou NeipduaTtog Twv Yen & Lee (1995) Pe pn oyolopop®o inua.

4. Mpoteivetal n dlEpelvnon CGEVAPIOU PE OUVEKTIKO KAl PN OUVEKTIKO inua yia va
HEAETNOEI KAl N ouvelo@opd Tou IJAPNATOG O alwpPnaon.

5. MpoTeiveTal TEAOC n €NEKTACN TOU UMOAOYIOTIKOU nediou Mpoc¢ Ta avavTtn yia va
oupnepIANQOEi kAl To TURAKA OTO onoio napatnenénkav Ta nio €vrova (aivouevda
d1aBpwonG kal oTepeopdeTaPopdac (neploxn Kavriveg). Z& auTtn Tnv nepinTwon
ouvIoTaTal o JIaXWpPIOPOG TOU UMOAOYIOTIKOU Nediou O£ HIKPOTEPEC MEPIOXEC ME
OIa(POPETIKN KOKKOWETPIKN oUvBeon, avaAloya Pe Ta yewAoyika dedopeva.
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1. Introduction

1.1. General information about flash floods

Natural disasters cause huge economic damages each year (Swiss Re, 2003). In many
European countries floods are the major natural hazard (Cruz et al., 2006). Germany,
Chech Republic and Russia in August 2002 were struck by the most devastating flood
events recorded in European history (J. Linnerooth-Bayer & A. Amendola). Nevertheless,
the effects of the recent major floods in European countries are comparable with the
worldwide trend, where floods are attributed the greatest economic damages out of all
natural events.

Flood events can be divided into several categories depending on the area they develop,
the mechanism they are generated from and the effects they have on the natural and
manmade environment. These categories according to the National Severe Storms
Laboratory are the following: Coastal floods, which are caused by higher than average
high tide alongside heavy rainfall and onshore winds. Storm surges, which are a rise in
the water level in coastal areas, above the regular tide, caused by forces generated from
a severe storm’s wind, waves, and low atmospheric pressure. Pretty much all of the other
cases can be grouped as inland floods. More specifically, a river flood is the rise of the
river water level due to the excessive rain over the same area for extensive periods of
time. Last but not least, there is the flash flood which is examined in the diploma thesis.

Flash Floods (FF) are defined (Grutfest & Huber, 1991) as strong and fast runoff flows
that occur from a few minutes to several hours after the rainfall (NOAA, 2017). Apart
from the extreme rainfall events they can be generated from hydraulic structure (dams,
levees) failures. The magnitude of a FF depends mainly on the rainfall characteristics
(intensity, duration, amount and time-space distribution) and the characteristics of the
watershed such as area, length, slopes, type of soil, vegetation and land use.
Georgakakos (1986a) described the FF generation mechanism in non-arid climates as
follows: Firstly, areas adjacent to the stream channels become saturated. The water
table rises due to the excess rainfall and the lower catchment slopes become saturated
due to the outflow. The groundwater is also discharged near the river channel resulting in
an increased groundwater contribution to the river hydrograph. The scale of the FF
effects on economy and human lives though, suggests that their generating mechanism
is still not sufficiently understood.

FF are one of the major natural hazards causing serious loss of life and economic damage
(Eric Gaume et al., 2008). The average annual economic loss due to natural hazards is
estimated at €40 billion worldwide (Munich Re, 2003) which can be compared to the total
economic damages estimated at €1.2 billion for the Gard 2002 single flood event (Huet
et al., 2003) and €3.3 billion in the case of Aude 1999 FF (Lefrou et al., 2000). The death
toll caused by FF in European Mediterranean countries is striking, with notable examples
the Barcelona flood in Spain in 1962 with over 400 deaths recorded (Lopez Bustos,
1964), the Piemond region floods in Italy in 1968 and 1994 with 72 and 69 deaths
respectively (Ferro, 2005; Guzzeti et al., 2005). A more recent FF event took place in
Mandra, Greece (2017), resulting in the death of 23. These figures suggest that the
mechanism of FF generation is still poorly understood.

Lately, several studies have implied that a correlation between extreme rainfall events
(which generate FF) and global warming really exists due to the increased atmospheric
water vapor and warmer air (IPCC, 1995). The expected consequence of this trend is the
increased frequency of FF occurrence which will have disproportionately negative effects
in arid and semi-arid regions like the ones in the Mediterranean basin, Greece (Alpert et
al., 2002). In arid climates rain may also generate crusting of soils, which prevents the
soil infiltration, thus enhancing the flood generating processes (C. G. Collier, 2007).



An important aspect of FF events is that they tend to be much more devastating in urban
areas, compared to the ones occurring in rural areas, due to the high population density,
and the impervious surfaces found in cities (Davis, 2001). Urban development is not
always followed by the construction of hydraulic structures that support the new land
use. When urbanized areas have insufficient flood defense infrastructure and also when
urban expansion is not accompanied by appropriate measures to mitigate flood effects,
the impacts of the floods are further intensified (Papathanasiou et al., 2012).
Infrastructure is usually developed in order to cover specific needs that arise from the
socioeconomic growth, thus it may have negative impact on the response of a catchment
to potential flooding (C. Papathanasiou et al., 2015). This is the case for structures that
either alternate the geomorphology of the basin or increase the impermeable areas.

1.2. The Mandra flash flood

The growth pattern of Mandra city implies that it is a typical example of urban/suburban
sprawl. A sprawl can be defined as the expansion of a community without concern for its
consequences, in short, unplanned, and incremental urban growth, which is regarded
unsustainable (Batty et al., 1999). According to the National Statistical Service of Greece,
Mandra’ s population has tripled in less than 60 years, which alongside the development
of the industrial zone and the construction of the “Attiki Odos” motorway, changed
dramatically the response of the catchment in rainfall.

Several rainfall events took place in Greece during 14-16 of November 2017 (Figure
1.1.). The area of Mandra was the one affected the most, after a devastating FF event
that occurred at the first hours of November 15. The study of the meteorological and
satellite data highlighted that a number of storm events on the southern slopes of
Pateras mountain (1.131m) led to the disastrous events of November 15. The water was
initially accumulated in soil and the several mountain streams were supplied by runoff
and subsoil water, witch contribute to the stream Agia Aikaterini and the stream Soures,
which cross Mandra city. The flow rates were determined for a return period equal to
T=50 years. One of the characteristics of the flood event was the heavy sediment
transport due to the erosion of the alluvial plains found on the upstream part of the basin
(E. Lekkas et al., 2017). The effects of the FF on the area were further enhanced due to
the fact that the city has been developed in a perpendicular to the creeks pattern as has
also been the case with the motorway system. The area has experienced many FF
incidences of smaller magnitude, the most recent of which occurred at June 26 2018.

The conclusion of the Secretary General of Public Administration concerning the flood

events of 2017 in Mandra highlighted that 39 buildings, both private and public, were
illegally constructed in the Soures creek, a football field and bus depot included.
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Figure 1.1. Total rainfall on 16/11/17 in Mandra (https://earthobservatory.nasa.gov).



1.3. Diploma thesis scope

FF events are associated with intense soil erosion processes that result in sediment and
debris transport. These take place mainly within catchments in arid and semi-arid areas
lacking vegetation. The solid materials transported by the fast flows of the FF induced
surface runoff are expected to affect the hydrodynamic flow regime. Furthermore, the
solid material effect on flood flows is expected to increase in future due to the risk of
desertification that about the 35% of world land surface is facing according to UNEP. The
last has also concluded that each year more than 20 million hectares worldwide are
reduced to near or complete uselessness. Desertification is defined as land degradation in
arid and semi-arid areas resulting mainly from anthropogenic activities (UNEP, 1991) and
is expected to dramatically increase the rate of soil erosion in these areas.

Currently the effect of solid materials that are carried downstream and the riverbed
morphological changes are not considered in the various models used for FF simulation.
Mandra FF, studied in the diploma thesis, was characterized by heavy sediment transport
and intense erosion (Figure 1.2), thus the solid materials’ contribution to the flow regime
cannot be neglected. The scope of this thesis is to answer the research question “How
can we model the effect of sediment in Mandra flood?".

Flgure 1. 2 Intense runoff flow during the Mandra FF W|th apparent the stream bed
erosion and the sediment/debris transport (source: https://edition.cnn.com).



https://edition.cnn.com/

1.4. Diploma thesis structure
The diploma thesis consists of 7 Chapters and 1 APPENDIX.

The concept of FF and its effects on human lives and the economy on a worldwide scale
are introduced in Chapter 1. The research question that this study aims to answer is
posed and the thesis structure is presented.

Chapter 2 concerns the literature survey, its purpose and the reasons that led to the
selection of the modelling system for the Mandra FF model (TELEMAC-MASCARET
modeling system). The available sediment transport formulas are presented, as well as
the mathematical models for flash flood simulations. An introduction to the pre-
processing and post-processing tools has also been done in this chapter.

In Chapter 3 the materials and methods (TELEMAC-2D coupled with SISYPHE module)
used in order to answer the research question, the available modules and the equations
that describe the hydrodynamic and sediment transport processes are thoroughly
discussed.

Chapter 4 is concerned with the benchmark case simulations. The criteria that led to the
selection of the Yen and Lee (1995) experiments for the benchmark case model are
presented. The results of models, utilizing several sediment transport formulas, are
displayed and discussed.

In Chapter 5 the Mandra flash flood event is introduced. The information about the area
of study is introduced, including the city of Mandra and the hydrographic network. The
flash flood characteristics are shown, as well as the in situ investigations’ purpose.

The hydrodynamic/sediment transport/morphological model of Mandra flash flood is
thoroughly discussed in Chapter 6. The geometry including the numerical mesh, the
surface roughness and the non-erodable areas are presented as well as the technical
works, the boundary conditions, and the hydrographs used for the simulation are
presented. The results concerning the hydrographs, the water depths, and the bottom
evolution are displayed, compared with the results of the clear water model, and
discussed.

The FORTRAN code concerning the sediment transport formulas used in the diploma
thesis that are not included in SISYPHE module can be found in the APPENDIX.



2. Literature survey

2.1. Aim of the literature survey

The purpose of the literature survey is to select the mathematical model that will be used
in the diploma thesis, as well as to select the benchmark case that will be used for model
validation. Some criteria that the model has to meet are:

1. Reputation and credibility

2. Availability of the source code

3. The ability to use a variety of sediment transport formulas
In order to choose the model that better simulates the FF flow regime and the sediment
transport processes the governing equations have to be expressed alongside the different
mathematical models that are suited for FF simulation.

2.2. Shallow water equations

Floods are characterized by the unsteady flow regime and the extensive horizontal axis
compared to the vertical one. For these reasons the shallow water equations (SWE) are
ideal for flood modeling. Shallow water equations are a set of hyperbolic partial
differential equations (PDE) that derive from depth-integrating the Navier-Stokes
equations, also called Saint-Venant equations after Adhemar Jean Claude Barre de Saint-
Venant. In the cases that horizontal length is much greater than the vertical one the
vertical velocity of the fluid is very small, the vertical pressure gradients are nearly
hydrostatic, and the horizontal velocity field is constant throughout the depth of the fluid.
Vertically integration of horizontal velocity enables the removal of the vertical velocity
from the equations. SWE are derived from the equations of mass conservation and
conservation of linear momentum. The following set of equations is the so called
conservative form of the SWE, where there is horizontal bed, no Coriolis forces as well as
no frictional or viscous forces. The first equation is derived from mass conservation, the
second two from momentum conservation:
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= 2.1
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pnu) 0 2, 1 pnuv)
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where: nis the total fluid column height,
u is the horizontal velocity component across the x axis,
v is the horizontal velocity component across the y axis,
g is the acceleration due to gravity,
and p is the fluid density.
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Figure 2.1. Sketch concerning the non-conservative shallow water equations presenting
the x and y axis as well as the total fluid column height n and the altitude h.




Expanding the derivatives using the product rule, the non-conservative form of the SWE
is derived (Figure 2.1.). Contrarily to the conservative form the non-conservative does
not hold across a shock or hydraulic jump, due to the fact that velocities are not subject
to a fundamental conservation equation. The non-conservative form takes into account
the Coriolis force, frictional and viscous forces as presented in the following page:
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where: u is the horizontal velocity component across the x axis,
v is the horizontal velocity component across the y axis,
g is the acceleration due to gravity,
h is the height deviation of the horizontal pressure surface from its mean height,
H is the mean height of the horizontal pressure surface,
g is the acceleration due to gravity,
f is the Coriolis coefficient,
b is the viscous drag coefficient,
and v is the kinematic viscosity

In cases where the components of the horizontal velocity, u and v, are retativelly small
the following set of equations can be obtained:
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2.3. Introduction to the sediment transport processes

Sediment transport is the displacement of soil particles that get entrained due to the
movement of fluid and are susceptible to gravitational forces. Sediment transport takes
place in natural systems where the particles are clastic (sand, gravel or boulder), mud or
clay. The fluid motion that causes the sediment transport can be air, water, ice or a
combination of them. These processes occur in rivers, lakes, seas, glaciers or terrestrial
surfaces under the influence of wind. There are cases of sediment transport due to
gravity only that occur on slopping surfaces, as hill slopes, scraps, cliffs and the
continental shelf.

One of the mechanisms of soil erosion and sediment transport is the runoff flows of rain
water on earth’s surface that takes place in riverbeds and floodplains. The main sources
of sediment in natural streams are erosion by overland flow, stream-channel erosion,
bank cutting and supply from small erosion channels formed in unconsolidated soil (F.
Engelund and E. Hansen, 1967).

A big part of the particles that get entained by the runoff flows takes place in alluvial
plains. An alluvial plain can be defined as a relatively flat landform created by the
deposition of sediment over a long period of time. The streams in which the moving
sediment and the sediment in the underlying bed is of the same quality are characterized
as alluvial. However, most natural streams carry a certain amount of very fine particles,
the so-called wash or suspended load that is not represented in the bed. The knowledge
of bed material composition does not permit any prediction of wash load transportation.



2.4. Available sediment transport formulas

Over the years several sediment transport formulas have been developed in order to
predict the sediment transport rate. Most of these predict the bedload or the total
sediment flux, which includes both the bedload and the suspended or wash load. The
contribution of the second to the sediment transport processes is minimal, thus it is
usually not taken into account. The general parameters used in the sediment transport
formulas are presented in the table below (Table 2.1.), in which p,is the sediment
density, p,is the water density, g is the gravitational acceleration, Ds, the sediment size
that 50% is finer, T, is the bottom shear stress and v the kinematic viscosity.

Table 2.1. General parameters for sediment transport in riverine environments.
General parameters
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The sediment transport formulas predict the sediment transport rate Q, in m?/s and then
the SISYPHE module solves the conservative law equation for sediment mass, the so
called Exner equation, in order to predict the bed evolution:

A-DZra-»Lyvo, =0 (2.10)

at at
in which @, is the vector of volumetric transport rate per unit width without pores, with
components Q,,, @4y in the x and y direction respectively, z; is the bottom elevation and A

the bed porosity.

Shields parameter 0=

The dimensionless current-induced sediment transport rate @, is expressed by the
equation:
Qp

Dy =—m (2.11)

which in many formulas is used to calculate the sediment transport rate.



Some of the widely used sediment transport formulas are presented below:

. Asida-Michiue (1974) Bedload Transport Formula
p
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. Rottner (1959) Bed Load Transport Formula
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. Frijlink Bedload Formula
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. Ackers-White (1973) Total Load Transport Formula
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The following tables present the results of Karamisheva et al. (2006) study concerning
the review of 9 widely used sediment transport formulas. The first table (Table 2.2.)
presents the types of data needed in each model and more specifically: Depth (d), Slope
(S), particle diameter (D), Viscosity (v), mean velocity (V), shear velocity (U*) and fall

velocity (w).

Table 2.2. Comparison of the input data for different sediment transport formulas

(Karamisheva et al., 2006).

Sediment transport formula d S D \ V U* w
Meyer-Peter & Muller Yes Yes Yes - Yes - -
Schoklitch - Yes Yes - Yes - -
Engelund-Hansen Yes Yes Yes - Yes Yes -
Ackers-White Yes Yes Yes Yes Yes Yes -
Yang Yes Yes Yes Yes Yes Yes Yes
Karim-Kennedy Yes Yes Yes - Yes Yes Yes
Van Rijn Yes Yes Yes Yes Yes Yes -
Molinas-Wu Yes - Yes - Yes - Yes
Yang-Lim Yes Yes Yes Yes Yes Yes Yes
Table 2.3. Data ranges for different calculation methods (Karamisheva et al., 2006).

Sediment transport formulas | Depth (m) Slope D (mm) V (m/s)
Meyer-Peter & Muller 0.01-1.20 0.0004-0.02 0.4-29.0 0.36-2.90
Scholkitch 0.01-0.22 0.00012-0.055 0.3-4.9 0.24-1.40
Engelund-Hansen 0.06-0.31 0.000055-0.019 0.19-0.93 0.19-1.90
Ackers-White 0.18-11.5 0.000022-0.0015 0.04-4.0 0.33-0.87
Yang 0.01-15.0 0.000043-0.028 0.15-1.7 0.24-1.95
Karim-Kennedy 0.03-5.20 0.00015-0.024 0.14-28.65 0.31-2.84
Van Rijn 0.10-16.0 NA 0.19-3.6 0.34-1.55
Molinas-Wu 1.50-62.2 0.000002-0.0025 0.02-2.6 0.2-2.42
Yang-lim 0.01-16.5 0.0003-0.013 0.02-57.0 NA




2.5. Mathematical models for flash flood simulations

Mathematical models (MMs) are the basic tool for FF simulations. They are used for risk
assessment of both the current situation and feasible future scenarios but generally have
a multipurpose role (van Duivedijk, 2005). They examine the effectiveness of flood
defense structures, they are used to evaluate flood damages and for the flood risk maps
design. They are also used to evaluate the effects that flood has on buildings, the
infrastructure and changes in land use. Last but not least they are useful for the
development of Early Warning Systems (EWS), thus contributing to the public safety.
MMs for the FF simulation can be stochastic, based on flood frequency analysis, and
deterministic which are based on the physical properties of the elements that affect FF
(Mambretti et al., 2008).

Deterministic MMs are commonly flood routing MMs that estimate the evolution of a
given inflow FF hydrograph, which is the flowrate (Q) as a function of time (t), along the
stream, river or flood plain. In 1D hydrodynamic models a set of 2 equations, the
continuity and the momentum conservation along x axis, are solved in order to calculate
2 variables of the flow, which are the average velocity (U) in the main direction and the
water elevation (H). Flood routing models can be hydrologic or hydrodynamic.

Hydrologic models solve the equation of mass conservation and an empirical equation
between flow and storage to determine the outflow hydrograph at the downstream liquid
boundary. They are much simpler than the hydrodynamic models; however they should
not be applied in cases of rapidly rising inflow hydrographs, such as the case of FF, due
to the fact that they neglect backwater effects. Hydrodynamic models, on the other, hand
are best suited in these cases, because through solving the 1D or 2D Navier Stokes
equations, they calculate the Q, U and H values along the watercourse.

Nowadays, 1D and 2D hydrodynamic models are mostly used for flood risk assessment
(Kvocka et al.,2017), even though most of the modeling systems also offer a 3D version.
It is of great importance to find an eligible compromise between accuracy and the
requirements of the model implication (Diallo, 2010). The choice of the model dimension
depends mainly on the domain scale (Huybrechts et al., 2010). Considered once a
compromise, 2D models are widely applied to medium scale domains (Mohamed Gharbi
et al., 2018), contrarily to the 1D which are used for large domains and 3D applied to
small domains.

2.6. Available programs for 2D hydrodynamic models

Several hydrodynamic models are available in the literature for flood modeling, the most
popular of which are presented in the following paragraphs.

TELEMAC-MASCARET is owned by the Laboratoire National d’ Hydraulique et
Environnement (LNHE), part of the R&D group of Electricite de France. The program can
be used for a wide variety of applications concerning free-surface flows as flooding,
waves generated by dam break, sediment transport and deposition and wind generated
waves. It consists of 7 modules, each one being an integrated suite of solvers, focused in
different applications. The program can be downloaded via the TELEMA-MASCARET
website. Tools for data pre-processing as well as post-processing like results presentation
have also been developed and are available for free. An important feature of the program
is the open source code that enables the user to make changes.

CCHE2D-Flow is an integrated software package developed at the National Center for
Computational Hydroscience and Engineering, the University of Mississippi. It is a
numerical model for 2D simulation and analysis of the free surface flows in rivers, lakes,
estuaries, and coasts including floods and dam break flows. The processes of sediment
transport, morphologic change, pollutant transport and water quality can also be studied
using specific modules of the software.

10



HEC-RAS is probably the most widely used modelling system for simulations concerning
water flow in riverbeds or through open channels. The computer program was developed
by the US Department of Defense, Army Corps of Engineers in order to manage the
rivers, harbors and other public infrastructure under their jurisdiction. The Hydrologic
Engineering Center (HEC) in Davis, California developed the River Analysis System (RAS)
as a tool for hydraulic engineers who work in channel flow analysis and floodplain
determination. It offers numerous data entry capabilities, numerous components for data
analysis, data storage and management features, as well as several options for graphing
and reporting. Prior to Version 5.0 the program was one dimensional, thus it was unable
to model the hydraulic effect of cross section shape changes, bends and other two or
three dimensional aspects of the flow. The release of Version 5.0 not only enabled 2D
modeling but also the sediment transport study. The basic computational procedure for
steady flow is the solution of the 1D energy equations. For unsteady flow, HEC-RAS
solves the full, dynamic, 1D Saint Venant Equation using an implicit, finite difference
method. The program can be downloaded for free from HEC website.

MIKE FLOOD is also a program that can be considered as candidate for the case study. It
is developed by DHI and it is practically a toolbox for flood modelers, which includes
numerous 1D and 2D specialized engines, through dynamically coupling 1D (Mike 11 and
Mouse) and 2D (MIKE21) modeling techniques. It can be expanded with a range of
modules and methods including a flexible mesh overland flow solver, MIKE URBAN,
rainfall-runoff modeling and dynamic operation of structures. For these reasons it can be
used in many different cases as river and floodplain modeling, flooding in urban
environment, streets, drainage networks, coastal areas, dams, levee and dike breaches
or any combination of the aforementioned cases. It is widely used worldwide and
although it is commercial software, it can be downloaded as a 30 days trial for free.

2.7. Mesh generation and results visualization

Blue Kenue is a widely used application for data pre-processing and post-processing
procedures based on EnSim technology that provides tools for computation parameters
like mesh generator and geometry, boundary conditions, liquid boundaries, initial
conditions and several parameters. The EnSim Simulation Environment was developed at
the Canadian Hydraulics Centre (CHC) in order to meet the needs of environmental
prediction. The EnSim Core includes a variety of applications like Blue Kenue, Green
Kenue, AnemoScope and ECDataExplorer. Blue Kenue was used for mesh editing and
mesh generation in the diploma thesis, thus a short presentation of these procedures
takes place in the following paragraphs.

Blue Kenue is used for the 2D Triangular Meshes. The T3 Channel Mesher is used to
produce triangular meshes of unbranched channels which are then incorporated in the
main mesh produced by the T3 Mesh Generator. Each bank of the channel is defined with
a set of 2 open lines. Then a value for the “CrossChannelNodeCount” is given, which
represents the number of nodes that span the channel, including the edge nodes, with
minimum value 2. After a value for the “"AlongChannellnterval” is given, which represents
the space between the edge nodes. The sub-meshes generated with the T3 Channel
Mesher are encompassed in the main mesh produced by the T3 Mesh Generator.

The sub-meshes generated with the T3 Channel Mesher are encompassed in the main
mesh produced by the T3 Mesh Generator. The “Outline”, the closed line that defines the
limit of the computational domain, as well as the "“Soft Lines” are first resampled
according to the supplied “Density” objects. Next the nodes from “Hard Points”, “Hard
Lines” and the outline of “Submeshes” are added. Starting from the node with the
highest density the algorithm surrounds each node with new ones at a distance
determined by the given density. Each node created by the algorithm is inserted in the
sorted nod list, with each node being surrounded by 6 others.
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As mentioned in the first paragraph Blue Kenue is used except from mesh generation for
visualization purposes also. Visualization is provided by 1D, 2D, 3D (Figure 2.2) and
Spherical views that can be recorded as digital movies or saved as images for technical
reports or presentations. Views and data are geo-referenced and coordinate conversion is
supported.
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Figure 2.2. Types of visualization in Blue Kenue

source: www.nrc-cnrc.gc.cal).
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2.8. The effect of solid materials in surface runoffs

Several studies have been conducted recently in order to investigate the effect of
sediment transport and more importantly the FF induced geomorphological changes on
the evolution on the flood phenomenon itself. Guan et al. (2015) and Guan et al (2016)
came to the conclusion that geomorphological changes increase the flood peak, fact that
was confirmed with experiments and MM simulations. Carr et al. (2015) and Tu et al.
(2017) alanyzed the effect of the morphological changes on the flood magnitude
simulating MM.

Rickenmann et al. (2015) studied the contribution of sediment-related processes to the
overall damage caused by the flood events caused the rainstorms of 20 to 22 August
2005 in the northern Alps and Prealps, Switcherland. The floods resulted in elevated
discharges and flooding in many headwater catchments and mountain rivers. In steeper
parts of the areas of study, geomorphic processes where responsible for flow overtopping
and sediment deposition (Figure 2.3), both in and outside of the channel network. The
study reached to the conclusion that due to the decreasing channel gradient, there was a
tendency for bed aggradation, and generally less bedload per unit water discharge.

Figure 2.3. Intense sediment deposition that occurred during the August 2005 floods in parts
of Switzerland (source: wileyonlinelibrary.com/journal/espl).
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3. Materials and methods

3.1. TELEMAC-MASCARET system

TELEMAC-MASCARET system was selected for the study since it meets the following
criteria:

1.
2.
3.

4,

The program can be downloaded for free from the system’s website

It contains a 2D hydrodynamic module which can be used for flood modeling

It also contains a state of the art sediment transport (SISYPHE) module that can
be coupled with the hydrodynamic model (TELEMAC-2D).

The program’s source code is also accessible in FORTRAN language enabling
programming by the user, thus further expanding its versatility.

TELEMAC-MASCARET system is a suit of finite element computer program that can be
used for a wide variety of applications concerning free-surface flows. These include
flooding, waves generated by dam break, sediment transport and deposition and wind
generated waves. It consists of 7 modules (Figure 3.1.), each one being an integrated
suite of solvers, which are:

SISYPHE is the sediment transport and bed evolution module used for complex
morphodynamic processes in rivers, lakes, estuaries and shores.

NESTOR utilizes the data from dredging operations in river beds to model the
resulting changes in the bottom level.

MASCARET 1 is the 1D hydrodynamic module for free surface flow applications as
flood propagation, wave resulting from dam break, regulation of managed rivers,
flow in torrents, canals wetting, sediment transport and water quality.

ARTEMIS module is used for wave propagation towards coast or into harbors in a
relatively small area or larger domains in cases of long wave simulation.
TELEMAC-2D is the module used to simulate free surface flows in two dimensions
of horizontal space, where vertical speed can be neglected.

TELEMAC-3D utilizes the same horizontally unstructured mesh to solve the three-
dimensional equations as the free surface flow equations and the transport-
diffusion equations of intrinsic quantities (temperature, salinity, concentration).

Figure 3.1. TELEMAC-MASCARET system modules and their scope (source:
https://sites.google.com/a/aquacloud.net/15he08/).
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The TELEMAC-2D code solves the free surface flow equations with the depth averaged
horizontal velocity, neglecting the vertical velocity, known as shallow water equations
(described in 2.4.). The software can be used for a wide variety of applications
concerning maritime and river hydraulics, like the sizing of port structures and the study
of the effects of levees on river flow respectively. Some special applications include the
study of thermal plumes, dam breaks, transport of decaying or conservative tracers. The
following phenomena are incorporated in the suite of solvers or in one of the coupled
modules:

e Propagation of long waves
Bottom friction
Coriolis force
Meteorological phenomena like atmospheric pressure, rain, evaporation and wind
Turbulence
Supercritical and subcritical flows
Horizontal temperature and salinity density gradients
Cartesian or spherical coordinates
Land surfaces for flood or shore erosion modeling
Entrainment and diffusion of a tracer by currents
Particle tracking and computation of Lagrarian drifts
Treatment of singularities like levees and culverts
Levee breaching
Drag forces generated by vertical structures
Porosity in solid boundaries
Wave-induced currents (when coupled with Artemis and Tomawac modules)
Sediment transport and bed evolution (when couple with Sisyphe module)
Water quality control (when coupled with water quality tools)

The versatility of the TELEMAC-2D software can be further expanded with the programing
of specific functions of the simulation file. This can be done through modification of
certain subroutines named “user subroutines”.

There are several files that are used as input for the simulation, some mandatory and
others optional that are used for specific applications and/or coupling Telemac-2D with
other available modules.The input files used by TELEMAC- 2D are the following:

1. The steering file contains the configuration of the computation and is created by a text
editor or by the FUDAA-PREPRO software. It can be described as the software’ s control
panel, where the user can select the keywords for the computational procedure and
assign specific values to the model parameters. A common practice for Telemac-Mascaret
users is to utilize the existing archive of examples and modify the one that better fits
their model. If a keyword is not contained in the file, TELEMAC-2D assighs automatically
the default value defined in the dictionary file of the corresponding FORTRAN subroutine.
In case that a default value is not defined in the dictionary file, the computation will stop
with an error message. A utility called DAMOCLES is used by the software in order to
read the dictionary and steering files. The steering file is the first one to be read during
the computational procedure. When the steering file is being created, it is necessary to
comply with the rules of syntax used in DAMOCLES.

2. The geometry file is a binary file that contains all the information concerning the
computational mesh, more specifically the number of mesh points, the number of
elements, the number of nodes per element, arrays X and Y containing the coordinates of
all the nodes and array IKLE containing the connectivity table. The file can also contain
topography information and/or friction at each mesh point. TELEMAC-2D stores the
information on the geometry at the start of the results file. Because of this, the
computation results file can be used as a geometry file if a new simulation is to be run on
the same mesh.
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3. The boundary condition file is generated automatically by the BlueKenue or other
mesh generator and it can be modified with a standard text editor. Each line of the file is
dedicated to one point on the mesh boundary. The numbering used for points on the
boundary is that of the file lines. The contour of the domain is described
trigonometrically, starting from the bottom left-hand corner and then the islands in a
clockwise direction.

4. In case that an initial state of the computation is needed for the model, Telemac-2D
enables the use of a previous computation file.

5. The bottom topography file which contains the elevation of the bottom. The bottom
information is already available in the geometry file, thus thisfile is no longer useful.

6. The reference file, which contains the reference results and is used in the frame of a
validation procedure.

7. The liquid boundaries file enables the user to specify values for time dependent
boundary conditions necessary for unsteady flow simulations.

8. The FORTRAN file, which contains all the subroutines modified by the user and those
that have been specifically developed for the computation. This file is compiled and linked
so as to generate the executable program for the simulation. Since version 5.0 of the
software this file has become optional.

9. The friction data file, which contains information concerning bottom friction

10. The stage-discharge curves file, where the characteristics are prescribed according to
specific elevation/flowrate laws. It is a text file that enables the user to configure the
evolution of the prescribed value on specific open boundaries.

11. The source file enables the prescription of the values for the time dependent
conditions.

12. The sections input file is a text file that enables the user to configure the control
sections used during the simulation.

13. The oil spill steering file, which contains all the parameters necessary to the
simulation of an oil spill event.

14. The tidal model file, which contains data used for the tide simulation.
15. The ASCII tidal database file.

16. The binary database 1 and 2 files.

17. The weirs file which contains the parameters related to weirs.

18. The culvert data file.

19. The tubes or bridges data file.

20. The breaches data files, containing the characteristics of breaches initiation and
growth.

21. The drogues file, which contains the parameters of drogues creation and release.
22. The zones file which contains the description of the friction or other zones.

23. The water quality steering file which contains the parameters used by the water
quality module of TELEMAC-2D, which is independent of the water quality handled by
DELWAQ.

24. Water quality dictionary which contains the key-words dedicated exclusively to the
water quality module.
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The output files are the following:

1. The results file, containing graphical results. It is usually in Selafin Format and it
contains the information of mesh geometry, the names of the stored variables and the
evolution of their values with the time for each time step.

2. The listing printout, which is the “log file” of the computation. If necessary, the user
can get additional information by activating the “debugger” keyword, thus the sequence
of calls of the subroutines will be presented in the user screen.

3. The section output file, which contains the results of the control section computation.

Telemac2d code solves the following partial differential equations:

g—f;+uv (h) + hdiv(u) = S, Continuity (3.1)
du aZ 1
E+uV(u) = —ga+5x+ﬁdw(hchu) momentum along X (3.2)
3—1;+uV(v) = —gg—i+5y+%div(hvth) momentum along y (3.3)
aT 1 .
% +uV((T)=S+ Edw(hvt VT tracer conservation (3.4)
in which:
e h (m) depth of water
e U, Vv (m/s) velocity components
e t(m/l or °C) passive (non-buoyant) tracer
e g (m/s?) gravity acceleration
e v, vy (M?/s) momentum and tracer diffusion coefficients
e Z (m) free surface elevation
e t(s)time
e X,y (m) horizontal space coordinates
e S, (m/s) source or sink of fluid
e Sy (m/s) source or sink of tracer
e H, uandT are the unknowns

SISYPHE is the sediment transport and bed evolution module of the TELEMAC-MASCARET
SYSTEM. It can be used for complex morphodynamic processes in cases like coasts,
rivers and estuaries, for a variety of sediment size classes. In the module sediment
transport processes are grouped is as bedload, suspended or total load and can be
predicted with several formulas from the available library. It can be applied for non-
cohesive sediments that are uniform or non-uniform, cohesive sediments or even to
sand-silt-clay mixtures. Vertical stratification of sediments can be considered via a multi-
layered model. For currents only, as is the case of the flash flood study, the module can
be coupled to the depth-averaged shallow water module TELEMAC-2D, or in cases that
the vertical component of the speed cannot be neglected TELEMAC-3D. To account for
the effect of waves or combined waves and currents SISYPHE can be internally coupled
to TOMAWAK. The effect of the secondary currents is also incorporated in SISYPHE
module as well as the effect of bed slope associated with the influence of gravity.

Morphological models can be run fully coupled or decoupled depending on the rate of
evolution processes. In the case of rapid sediment flow, as the case of FF, a fully coupled
approach should be followed. On the other hand when the sediment transport processes
evolve in a much larger scale than the hydrodynamic ones, the decoupled approach
should be followed. Hydrodynamic solution is used to solve the hydrodynamic continuity
and momentum equations on a short time, during which the bottom is freezed and the
discretized equation is solved separately (Figure 3.1.).In SISYPHE, there are 2 sediment
transport modes according to the transport mechanisms, the bed load and the suspended
load: g = g, + g, where q, is the total sediment transport, q, is the bed load, and qs is
the suspended transport.
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For the calculation of the suspended sediment transport rate, Sisyphe uses the finite
element method to numerically solve the equation presented above. For the bed
evolution, Sisyphe solves the Exner equation given by:
0Z,  9(5.cp) a(qt x)  0(qt,y)

A-p)—--+ +
Jat 0x dy

ne—nd:() (35)

in which:
e Z, the bed elevation
e p the bed porosity
e Cp, sediment concentration in the bed load layer

The vertical flow of sediment, between the bedload and the suspended layer, is taken
into consideration in both the development funds equation as well as the trans-diffusion
equation. Several empirical equations have been proposed, they introduce the
equilibrium concentration, which represents the concentration at the interface when
saturation is reached (Celik and Rodi, 1988). The erosion and deposition are given by: ny4
= VsCrer @and ne = VsCeq respectively, where c.¢ the reference concentration and V; the
settling velocity.

Simulations with non-uniform sediment can also be done through the following steps:
i. the bedload transport rate is computed separately for each class using the one
of the available sediment transport formulas in the module’s library
ii. the Exner equation is solved for each class of sediment
iii. the bed evolution is calculated for each sediment class and then the total bed
evolution is calculated

In cases of non-uniform bedload sediment transport moving sediment particles collide
and interact as well as they tend to experience hiding and exposure effects, since fine
particles are more likely to be hidden and more coarse particles are more exposed to the
flow.

The module can incorporate cohesive sediment transport formulas for simulations
concerning sediments where silt and clay particles prevail. Generally fine particles display
cohesive properties but the definition of what size a fine particle is differs in many
countries (63um in the Netherlands, 75um in USA according to Winterwerp and Van
Kesteren). Due to the cohesive properties of the fine particles macro-flocs larger than
100um cab be formed. In Sisyphe cohesive sediments are accounted by solving the 2D
advection-diffusion equation.

Sediments in nature rarely are fine or coarse only, in most cases they are a mixture of
both, including gravel, sand, silt, clay and organic material. These complex scenarios can
be modeled by a combination of cohesive and non-cohesive sediments. More specifically
the sediment mixture can be modeled by a two class bed material, mud and sand. The
mud fraction is the slower settling element and the sand fraction the fast settling one.

In order to run a morphodynamic simulation the following set of files is demanded:

1. The steering file which contains the necessary information for running a simulation,
including the values of parameters that are different from the default values:

i) Input and output files.

ii) Physical parameters like particle diameter and settling velocity.

iii) Main sediment transport processes as the transport and settling mechanisms.

iv) Additional sediment transport processes (secondary currents, the slope effect etch.).

v) Numerical options and parameters as the selected numerical scheme and the solvers.

2. The geometry file.

3. The boundary condition file.

4. Any additional or optional input files as the FORTRAN file and the reference file.
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SISYPHE solves the conservative law equation for sediment mass or Exner equation in
order to calculate the bedload transport flux:
dzp (3'6)

(1 -k + vQ,=0

in which @, is the vector of volumetric transport rate per unit width without pores, with
components Q,,, @4y in the x and y direction respectively, z; is the bottom elevation and A

the bed porosity. The bedload transport vector can be decomposed into x and y direction
components as: Q, = (Qbx, Qby) = (Qpcosa, Qpsina) in which Qy is the bedload transport
rate per unit width, computed as a function of the equilibrium sediment load closure and
a is the angle between the sediment transport vector and the downstream.

The dimensionless current-induced sediment transport rate ®, is expressed by:
Qp

b)) = ———
b TG (3.7)
in which s is the ratio ps/p, ps is the sediment density, p is the water density, d the sand
grain diameter and g the gravity acceleration constant.

The available formulas in SISYPHE for non-cohesive uniform sediment transport are
presented below. The number shown in brackets corresponds to the one the user has to
prescribe in the SISYPHE “cas” file in order to call the specific formula:

e Meyer-Peter & Muller (1) - bedload transport formula
Einstein- Brown (2) — bedload transport formula
Engelund-Hansen + Chollet and Cunge (3) - total sediment transport formula
Engelund-Hansen (30) - total sediment transport formula
Van-Rijn (7) - bedload transport formula

Suspended sediment transport is predicted by solving the equation:
dhC o0hUC OhVC d ac a ac
W+ ox +W—a< €s$>+@<h(€sa)+5—l}
where C = C(x, y, t) is the depth-averaged concentration expressed in volume
percentage, U and V are the depth-averaged components of the velocity in the x and y
directions, respectively, & is the turbulent diffusivity of the sediment, often related to the

eddy viscosity g = vt/gc, with o.the Schmidt number In SISYPHE, o, =1.0.

(3.8)

In SISYPHE it is assumed a Rousse profile for the vertical concentration distribution,

which is theoretically valid in uniform steady flow conditions:
zZ—h «a
C(z) = CZref(Tﬂ)R (3.9)
where R is the Rouse number, with k the von Karman constant (k=0.4), u« the friction
velocity corresponding to the total bed shear stress, and a the reference elevation above

the bed elevation. The distance a, defined variously by different authors.

By depth-integration of the Rouse profile, the following relation can be established
between the depth-averaged concentration and the reference concentration:
Czref = FC (3.10)
Z 1 1-
Pr=COR[ R (3.11)
h zref/n U

In SISYPHE, the following expression is used to compute F:

1
——BR(1 —B@-R jfR %1
F'1={(1—Z) ( ! (3.12)
—BlogB,ifR =1

W|th B:Zref/h.

By considering suspended sediment transport, the bed evolution is computed by:
02y
(1_A)W=D_E (313)
with A the bed porosity, and z, the bed level.
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The available formulas in SISYPHE for suspended sediment transport are presented
below:

e Zyserman and Fresdoe

e Bijker

e Van Rijn

e Sousby & Van Rijn

In the case of non-uniform sediment transport, moving particles collide and interact. Bed
sediment particles experience the hiding and exposure effects, because fine particles are
more likely to be hidden and coarse particles have more chance to be exposed to flow. Fo
suspended sediment transport, if the sediment concentration is low, interactions among
the moving sediment particles are usually negligible, so that each size class of the
moving sediment mixture can be assumed to have the same transport behavior as
uniform sedment.

Each sediment class can be transported by suspended-load or bedload. Suspended load
mass is exchanged vertically between the water clomumn and the uppermost bed layer.
Bedload mass is exchanged horizontally between the top layer of the bed.

In SISYPHE the following steps are performed to account for non-uniform bedload
transport: (i) the sediment transport rate is computed separately for each class using the
classical formulas, corrected for sand grading effects such as hiding and/or exposure; (ii)
the Exner equation is then solved for each class of sediment and (iii) the individual bed
evolution due to each class of bed material is then added to give the total evolution due
to bedload. Similarly, the suspended transport equation is solved for each class of
sediment and the resulting bed evolution for each class is then added to give the total
evolutiondue to the suspended load.

In the following it is assumed a non-uniform sediment mixture divided into N size
classes. For bedload sediment transport processes, the evolution of bed topography is
governed by the continuity equation, written in Cartesian coordinates for each grain size
fraction as:

0Z 0Qpyx 0

(1= DGO+ %‘)’( <4 %;yk =0 (3.14)
where Qpxk, Qbyk (m?/s) are the components of transport rates of the k™ size class of
bedload; (0z,/0t)x (m/s) is the rate of change in the bed elevation due to size class k;
and A is the bed porosity.

For suspended sediment transport processes, the advection-diffusion equation is applied
to determine the transport of each size class of suspended load:

a(hUC ) , athvey)  a ac ac
—(hC ) + = 4 dy £ = ax( s axk) + (h k) + wsk(ceqk Czrefk) (3.14)
where the subscrlpt k indicates the sedlment size cIass index; Czen and Ceqx are the
actual and near-bed equilibrium concentrations of the k™ size class of suspended load,
respectively; and wg (m/s) is the settling velocity of the k™ size class.

There are case studies that modification of the magnitude and the direction of the
bedload sediment transport should to be done. Three aspects, which can be taken into
consideration through different methods in SISYPHE, are presented in the following
bullets (Figure 3.2.):
a. The effect of the local bed slope
b. Secondary flow effects on the direction of the bed shear stress, also refered as to
helical flows in the literature
c. The bed shear stress partitioning into components affected by skin friction and
drag force from bedforms
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Figure 3.2. Aspects taken into account through SISYPHE correction of magnitude and
direction of the bedload sediment transport :the effect of the local bed slope (a),
secondary flow effects on the direction of the bed shear stress (b) and the bed shear
stress partitioning into componets affected by skin friction and drag force from bedforms.

The angle a is the angle between the sediment transport direction and the x-axis
direction will deviate from that of the shear stress by combined action of a transvere
slope and secondary currents. In the Cartesian coordinate system, the relation of van
Bendegon is:

) 1 9Zb
sm8—mW
. 1 d7b
COSS_@W

tana =

(3.15)

Above the term 92b/, ~and GZb/ay represent respectively the transverse and longtitudinal

slopes, Zb the bottom position and & the angle between the sediment transport vector
and the flow direction, modified by spiral flow. The sediment shape function f(0) is a
function weight-shear stress or Shields parameter 6. It can be computed according to:

4
Koch and Flokstra: f(0) = o8 (3.16)
1
Tal t al.: f(6) = 3.17
almon et a B/ ( )

where B, is an empirical coefficient. The default value is B,=0.85, but an optional value of
1.6 was suggested for the simulation of dunes and bars in a laboratory channel.

The module offers the choice of correction of the magnitude of sediment transport to the
user through selecting 1 of the 2 available methods. Koch and Flokstra proposed the
following equation based on the modification of the bed load transport rate by a factor
that acts as a diffusion term in the bed evolution equation:
a9z
Q% =Q1+8—>2)
where B is an empirical factor accounting for the streamwise bed slope effect (1.3 by
default). Soulsby proposed a correction based on the modification of the critical Shields
parameter and is therefore only valid for the threshold bedload formulas:
1 2 2 — cjn2 in2
% _ cosysiny +\/cos xtan? — sin®sin?y (3.19)
0., tang
where Bg. is the critical Shields number for a sloping bed, 6. is the critical Shields
number for a flat, horizontal bed, ¢ is the angle of repose of the sediment, x is the angle
with the horizontal, and y is the angle between the flow and the bed slope directions.

(3.18)
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4. Simulation of the benchmark case

4.1. Description

Some key aspects of a suited benchmark case for the FF model calibration, concerning
the experiment geometry, flow regime and sediment transport processes are
respectively:

1. Sloping alluvial channel bend

2. Unsteady flow regime

3. Non-uniform sediment

These features are selected in order to better emulate the FF mechanisms. A benchmark
case that meets these criteria is the Yen and Lee experiment (Yen & Lee, 1995) that was
selected for model validation in the diploma thesis. The experiment investigated the bed
topography and transverse sediment sorting in an alluvial channel under unsteady flow.

The mechanisms concerning sediment transport in channel bends, which are common in
river topography, are much more complex than in straight channels. More specifically this
complexity is defined by the transverse sediment transport due to the transversal flow
occurring in the bend area and the deposition of highly non-uniform sediment not only in
the longitudinal but also the transverse direction as well as the unsteadiness of the flow.

Five case studies were conducted in a laboratory 180° channel bend with r.=4m, width
B=1m, and a slope of S=0.002. The bend is connected with a stilling basin, an upstream
straight reach of 11.5m, a downstream straight reach of the same length, and a
sediment settling tank. The water depth was controlled by a weir at the downstream end,
which was placed in order to achieve a uniform flow along the bend. Each cross section of
the bend is identified by its respective angular position. In the upstream straight reach, it
is identified by the distance from the beginning of the bend (negative), and in the
downstream one by the distance from the end of the bend (positive), respectively. Layer
of sand around 20 cm thick, with d,=1.0mm and o0,=2.5, was placed on the bed before
each run of the experiment. Sand was first sieved into eight sizes, and then laid on the
channel.

The base flow was set at 0.02m?3/s which corresponds to the water depth of 5.44 cm, and
the sand mass median diameter dsp=1.0mm. The maximum peak discharge was selected
in order to avoid the undesirable cross wave phenomenon at the downstream part of the
bend (Figure 4.1, Table 4.1). The peak of each hydrograph was set to the first third of its
duration.
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Figure 4.1. Hydrographs of the 5 experiments.
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Table 4.1. Characteristics of the 5 experiments (source: Yen & Lee, 1995).

Run Q, (m?/s) h, (M) T4 (min)
1 0.0750 0.129 180
2 0.0685 0.121 204
3 0.0613 0.113 240
4 0.0530 0.103 300
5 0.0436 0.091 420

Measurements of water levels were taken by a gauge point at the upstream end as well
as the measurements of the bed elevation at the peak and the end of the hydrograph for
each one of the flow scenarios. After each experiment the flow was stopped and the
water slowly drained. The settling tank was lifted in order for the sediment to be
weighted and 6 measurements were done in each cross section. The sampling technique
that was used was introduced by Little and Mayer (1972) and Yen and Lin (1990). Melted
wax was poured into rectangular sections (15 cm by 20 cm) of settled sediment. Then
the solidified wax sheet with sediment adhered to it was carefully removed and placed in
hot water to separate the sediment particles from the wax. The sediment was then dried,
weighted, and sieved.

The results of the 5 runs were presented as isolines (Figure 4.2) of a product of AZy/h,,
where AZ, the bed deformation and h, the initial water depth.

=g T +2m
Figure 4.2. Contours of bed deformation for the Run 1 (source: Yen & Lee, 1995).

Contours were presented for all 5 runs, which enable a good understanding of the bed
evolution across the channel. The bed evolution data was also thoroughly presented in
the cross-sections where the maximum deposition and scour took place (Table 4.2 and
Table 4.3). The sediment deposition and scour were measured at distances from the
center of the semicircular bend as a product of r/r., where r is the radial coordinate of the
channel bend and r. the radius of curvature along the central line in bend. The maximum
deposition (AZb/ho=1.13) occurred in the inner bank at section 75° for Run 1, which was
the experiment during which the maximum scour also took place near the outer bank at
section 165°.

Contours of d/d, were also presented, thus enabling the observation of the longtitudinal
and transverse variation of the grain size. The experimental results revealed that the
maximum variation of d/d, occurred near the 90° section for all the flow scenarios which
was 3.60 in the case of Run 1 and the minimum 0.63 also in the Run 1.
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Table 4.2. Transverse variation at section of maximum deposition (Yen & Lee, 1995).
r/re

0.900 | 0.913 | 0.925 | 0.950 | 0.975 | 1.000 | 1.025 | 1.050 | 1.075 | 1.088 | 1.100
75° 1.13 1.03 0.99 0.86 | 0.75 | 0.55 | 0.30 | -0.50 | -1.25 | -1.47 | -1.54
75° 0.92 | 0.81 0.70 0.57 | 0.35 | 0.03 | -0.11 | -0.33 | -0.79 | -0.88 | -1.00
75° 0.88 | 0.81 0.74 0.53 | 0.30 | -0.06 | -0.18 | -0.24 | -0.47 | -0.57 | -0.65
90° 0.81 | 0.74 0.65 0.33 | 0.17 | -0.07 | -0.11 | -0.29 | -0.33 | -0.44 | -0.58
90° 0.75 | 0.72 0.63 0.29 | -0.02 | -0.07 | -0.07 | -0.13 | -0.42 | -0.42 | -0.40

Run | Section

R |WIN |~

Table 4.3. Transverse variation at section of maximum scour (source: Yen & Lee, 1995).

r/re
Run 0.900 | 0.913 0.925 | 0.950 0.975 1.000 1.025 1.050 1.075 1.088 1.100
1 0.86 0.80 0.73 0.53 0.37 0.29 0.06 -0.66 -1.34 -1.77 -2.06
2 0.83 0.66 0.61 0.51 0.28 0.16 -0.03 -0.35 -1.04 -1.43 -1.62
3 0.82 0.69 0.62 0.40 0.28 0.07 -0.21 -0.66 -0.96 -1.39 -1.55
4 0.52 0.40 0.36 0.13 0.04 -0.07 -0.14 -0.19 -0.33 -0.60 -0.67
5 0.32 0.18 0.08 -0.03 -0.09 -0.08 -0.07 -0.18 -0.24 -0.35 -0.42

4.2. The benchmark model simulations

Several models of the Yen and Lee (1995) experiments were used, in the context of the
diploma thesis, based on the model released with the v7p3r0 version of TELEMAC-
MASCARET SYSTEM. Many simulations of the 5 Runs were conducted and the results of
42 of them are presented in the following pages as filled contours and cross-sectional
graphs. 12 of them concern the uniform simulations of the Run-4 and the rest the non-
uniform simulations of the 5 Runs. The goal of these simulations was to investigate:

1. The better suited bedload sediment transport formula for the model

2. The contribution of sediment transport processes in the hydrodynamic

characteristics of the flow
3. The selection of a multigrain or a uniform sediment approach for the model.

Two dimensional hydrodynamic models might be suited for flood simulations but lack
certain aspects essential to simulate the secondary currents occurring in meandering
channels. Recirculating cells in the transverse direction are responsible for the occurrence
of meandering, which is an important process in river morphology (Abad et al., 2008).
Consequently when coupled with 2D flow models, the effect of secondary currents on the
direction and magnitude of the sediment transport rate needs to be parameterized (C.
Villaret et al., 2013). The effect of bed effects on bed morphology were simulated by
calibrating the PRODUCTION COEFFICIENT FOR SECONDARY CURRENTS in the
TELEMAC-2D “.cas” file and the PARAMETER FOR DEVIATION in the Talmon et al.
formulation in the SISYPHE “.cas” file. These parameters, A and ,, can be calibrated by
trial and error. A. Mendoza et al. (2016) suggested the values of 12 and 1.6 for A and 3,
respectively for meandering channel simulations. These values were also used for the
diploma thesis simulations, since they produced the most accurate results. Other cases of
lower A parameter and higher B, value were found to give favorable results in some
experiment simulations (low flowrate, high duration) but generally lacked the consistency
of the predictions of A. Mendoza et al. (2016) calibration.

An essential part of the benchmark case study was to investigate the efficiency of several
STF in conditions that share similar characteristics with FF. SISYPHE module includes
some of the most used sediment transport formulas, more specifically: Meyer-Peter &
Mueller, Einstein-Brown, Engelund-Hansen & Chollet-Cunge, Engelund-Hansen, Van Rijn
and Hunziker (developed only for non-uniform sediment simuations). This catalogue was
further expanded in the context of the diploma thesis and Karim Kennedy, Cheng, Reid,
Yang Lim, Ackers White and Frijlink formulas were also included. This was possible due to
the flexibility of the open source system that enables the user to use other sediment
transport formulas. Simulations of 12 models using different formulas were first
conducted using single grain sediment and then the 6 that performed better were used
for the multigrain simulations.
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Simulations were conducted both with the mass median diameter of 1mm and the grain-
size distribution curve proposed by M. Bui & P. Rutschmann (2009) (Table 4.4, Figure
4.4). The exact sediment gradation is not given by Yen and Lee (1995), only the mass
median diameter and the distribution of the sediment is provided. Different approaches
exist in the literature, of which the M. Bui & P. Rutschmann (2009) was considered the
one that better fits the benchmark case, since it consists of 8 fractions with grain sizes
described in the experiments. The results of the uniform and non-uniform sediment

simulations can be compared in order to determine the contribution of the hiding and
exposure effect (Figure 4.3).

Figure 4.3. The concept of hiding and exposure effect (source: SISYPHE manual).
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Figure 4.4. Initial sediment size gradation curve (M. Bui & P. Rutschmann, 2010).

Table 4.4. Sediment size classes used in the non-uniform sediment simulations.

Size class 1 2 3 4 5 6 7 8
Grain size (mm) | 8.52 4.76 3.36 2.00 1.19 0.84 0.42 0.25
Fraction (%) 5.0 5.0 14.0 18.0 18.0 25.0 10.0 5.0

A critical Shields parameter of 0.047 was selected for the model. A friction coefficient of
0.0035m was used to simulate the flat bed conditions. A Talmon et al. approach was
used for the correction of the direction of bedload transport rate and Koch and Flokstra
approach for the correction of the intensity of bedload transport rate.
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4.3. Previous numerical works

C. Villaret et al. (2013) studied the flow and sediment transport in a curved channel
through a TELEMAC-2D/SISYPHE model simulation of Yen & Lee (1995) Run-4
experiment, emphasizing in the effects of the secondary currents on the direction and
magnitude of the sediment transport. The sediment was assumed uniform in order to
focus in the calibration of the secondary current approach. The bedload formula of
Meyer-Peter & Mueller was applied with a critical Shields parameter of 0.033,
corresponding to the mean grain size. The bed roughness was taken 3 times the mean
diameter (ks=0.003m), which corresponds to the flat bed conditions. For the sloping bed
effect, the approach of Koch and Flokstra (1981) for magnitude and Talmon (1992) for
the direction was used. The parameter in the secondary current parameterization was set
to a’=1, because no bed forms occurred in the experiment. The model results were
considered satisfactory according to the authors.

M. Bui & P. Rutschmann (2010) used the computer code FAST3D to simulate the Yen &
Lee experiments. The code calculates the flow field by solving the full Reynolds-averaged
Navier-Stokes equations with k-g turbulence model. The bed load transport was
simulated with a non-equilibrium adaptation length, which characterizes the distance for
sediment to adjust from a non-equilibrium state to an equilibrium state. Based on the
stochastic bed-load description of Einstein 1950; Tsubaki and Saito (1967) were the first
to investigate the non-equilibrium concept to sediment transport used in the model. The
governing equations are solved numerically with a finite volume method on an adaptive,
non-staggered grid. The authors concluded that the non-equilibrium approach could not
produce good results for the case with strong unsteadiness characteristics. The
adaptation-length formula proposed by Phillips and Sutherland gave the best results.

The model found in the “examples” file of v7p3r0 used the bedload formula of Engelund-
Hansen & Chollet-Cunge and a 5 class sediment approach. A critical Shields parameter
value of 0.047 was selected for all sediment classes and the bed roughness was taken
0.0035m, which corresponds to the flat bed conditions. For the sloping bed effect, the
approach of Koch and Flokstra (1981) for magnitude and Soulby for the direction was
used. The parameter in the secondary current parameterization was set to a’=1, because
no bed forms occurred in the experiment. The effect of the secondary currents was not
taken into account in the hydrodynamic model. The B, parameter for direction correction
was selected 0.85 and the friction angle of the sediment 35°.

Xiao et al. (2012) studied the formation of meandering channel by a 2D numerical
simulation of a 2D depth-averaged model for hydrodynamic, sediment transport and bed
evolution model developed by Wang et al. (2010). This model was further expanded in
order to incorporate the secondary current effects that characterize the Yen & Lee (1995)
experiments. The hydrodynamic model is solved in the orthogonal curvilinear grid system
by using the Beam and Warming alternating-direction implicit scheme. The influence of
the secondary flow on sediment transport was taken into account with Koch and Flokstra
(1981). A six class sediment simulation was conducted and the bed armoring was also
taken into account. The results were considered very satisfactory.

J. Abad et al. (2007) presented a 2D depth-averaged hydrodynamic, sediment transport
and bed morphology model named STREMR HySeD. The depth-averaged sediment
equations are derived from the 3D dilute, multiphase, flow equations and are
incorporated into the hydrodynamic model STREMR. The hydrodynamic model includes a
two equation turbulence model and a correction for the mean flow due to secondary
flows. A Manning coefficient of 0.028 was used and the porosity was set to 0.4. The
bedload formula used in the model is Meyer-Peter & Mueller (1948). Bernard (1993)
implemented a correction for secondary flows that allows the STREMR to shift the
maximum core of the velocity to the outer bank. According to the authors the numerical
results were found to be encouraging.
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4.4. Results presentation

4.4.1. Run-1/non-uniform sediment simulations

Figure 4.5. Filled contours of bed deformation for Cheng and Reid formulas compared to
experimental data isolines.

-2m -2m : +2m
Figure 4.6. Filled contours of bed deformation for Meyer-Peter & Mueller and Einstein-
Brown formulas compared to experimental data isolines.

Figure 4.7. Filled contours of bed deformation for Hunzinger and Van Rijn formulas
compared to experimental data isolines.
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Figure 4.8. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (75° cross-section).
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Figure 4.9. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (165° cross-section).
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4.4.2. Run-2/non-uniform sediment simulations
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+2
Figure 4.10. Filled contours of bed deformation for Cheng and Reid formulas compared
to experimental data isolines.

+2
Figure 4.11. Filled contours of bed deformation for Meyer-Peter & Mueller and Einstein-
Brown formulas compared to experimental data isolines.

Figure 4.12. Filled contours of bed deformation for Hunzinger and Van Rijn formulas
compared to experimental data isolines.
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Figure 4.13. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (75° cross-section).
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Figure 4.14. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (180° cross-section).
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4.4.3. Run-3/non-uniform sediment simulations

2m
Figure 4.15. Filled contours of bed deformation for Cheng and Reid formulas compared
to experimental data isolines.

Figure 4.16. Filled contours of bed deformation for Meyer-Peter & Mueller and Einstein-
Brown formulas compared to experimental data isolines.

Figure 4.17. Filled contours of bed deformation for Hunzinger and Van Rijn formulas
compared to experimental data isolines.
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Figure 4.18. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (75° cross-section).
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Figure 4.19. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (180° cross-section).
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4.4.4. Run-4/non-uniform sediment simulations

--2m +2m --2m +2m
Figure 4.20. Filled contours of bed deformation for Cheng and Reid formulas compared
to experimental data isolines.

-=2m +2m --2m +2m
Figure 4.21. Filled contours of bed deformation for Meyer-Peter & Mueller and Einstein-
Brown formulas compared to experimental data isolines.

-=2m +2m -=2m +2m
Figure 4.22. Filled contours of bed deformation for Hunzinger and Van Rijn formulas
compared to experimental data isolines.
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Figure 4.23. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (90° cross-section).
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Figure 4.24. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (180° cross-section).



4.4.5. Run-5/non-uniform sediment simulations

-2m
Figure 4.25. Filled contours of bed deformation for Cheng and Reid formulas compared
to experimental data isolines.

-2m : +2m - -2m : +2m
Figure 4.26. Filled contours of bed deformation for Meyer-Peter & Mueller and Einstein-
Brown formulas compared to experimental data isolines.

-2m +2m L.2m
Figure 4.27. Filled contours of bed deformation for Hunzinger and Van Rijn formulas
compared to experimental data isolines.
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Figure 4.28. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (90° cross-section).
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Figure 4.29. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (180° cross-section).
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4.4.6. Run-4/ uniform sediment simulations

DZb/ho

--2m +2m-L

-=2m
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Figure 4.30. Filled contours of bed deformation for Ackers-White and Nielsen formulas
compared to experimental data isolines.
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-=2m

DZb/ho

+2m

Figure 4.31. Filled contours of bed deformation for Cheng and Engelund-Hansen &
Chollet-Cunge formulas compared to experimental data isolines.
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--2m +2m
Figure 4.32. Filled contours of bed deformation for Frijlink and Einstein-Brown formula
compared to experimental data isolines.
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--2m +2m --2m : +2m
Figure 4.33. Filled contours of bed deformation for Engelund-Hansen and Meyer-Peter &
Mueller formulas compared with experimental data isolines.
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--2m : +2m -=2m
Figure 4.34. Filled contours of bed deformation for Karim-Kennedy and Van Rijn
formulas compared with experimental data isolines.
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Figure 4.35. Filled contours of bed deformation for Reid and Yang-Lim formulas
compared to experimental data isolines.
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Figure 4.36. Comparison between sediment transport formulas predictions and the
experimental data concerning the bed evolution in the cross-section experimentally
defined as the area of maximum deposition (90° cross-section).
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Figure 4.37. Comparison between the sediment transport formulas predictions and the
experimental data concerning bed evolution in the cross-section experimentally defined
as the area of maximum scour (180° cross-section).
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4.5. Comparison between the results of the diploma thesis and previous
models

The results of the diploma thesis simulations were, in general, in good agreement with
the measurements. In this section the predictions of the Van Rijn model are compared
with the results of 2 others, found in the literature. This model was simulated with the 8-
class sediment proposed by M. Bui & P. Rutschmann (2009) and calibrated according to
A. Mendoza et al. (2017) for meandering rivers and channel bends.

In the case of maximum deposition Villaret et al. (2013) predicted a final bed elevation
closer to the measurements in the inner bank compared to the aforementioned diploma
thesis model results (Figure 4.38). Contrarily to that the approximation of the outer bank
section was better in the case of the diploma thesis model. The last also calculated a final
bed elevation closer to the measured one (Figure 4.38). It should though be stated that
Villaret et al. (2013) used a uniform sediment approach, which in the current study was
found to give worst results compared to the non-uniform one.

The model results were also compared with the ones of the model found in the SISYPHE
examples file. This model was simulated with a 5-class sediment and was calibrated with
a 0.85 value for slope effect parameter of deviation. It also incorporated the Soulsby
formula for bedload transport rate correction with a 35° friction angle of sediment
parameter. Its results are not as good as the ones of the diploma thesis model simulation
as shown in Figure 4.39.
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Figure 4.38. Diploma thesis (Van Rijn) and Villaret et al. (2013) predictions with
measurements in the cross-sections of maximum deposition (left) and scour (right).
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Figure 4.39. Diploma thesis and TELEMAC-MASCARET example simulations with Run-4
measurements in the cross-sections of maximum deposition (left) and scour (right).

45



4.6. Discussion of the results

The “Yen and Lee, 1995” experiments were conducted in order to investigate the
correlation between different unsteady flow scenarios and the corresponding bed
evolution, which is a fundamental problem in the riverine morphology studies. The
alluvial river bed and the non-uniform sediment are also characteristics shared with most
of the flood events that take place on riverbeds and floodplains. The results of the
benchmark case simulations can be summed up to the following:

1.

2.

10.

Overall, the sediment transport formulas (STF) predictions were found to be in
good agreement with the measurements.

The areas of maximum scour and deposition, calculated by the models, are
consistent with the respective areas resulting from the experiments.

The model predictions concerning the non-uniform sediment scenario were found
to be a good approximation of the experimental results, contrarily to the uniform
ones.

The results of the simulations utilizing the grain-size distribution curve proposed
by M. Bui & P. Rutschmann (2009), used in the non-uniform sediment
simulations, were in good agreement with the measured final riverbed elevations.
Out of the 12 STF incorporated in the models, used for the uniform sediment
simulations, Engelund-Hansen & Chollet-Cunge’s results were the closest to the
experimental results.

Different STF made good predictions of the final bed elevation in the uniform and
the non-uniform approaches. Six of them were in good agreement with the
measurements in the non-uniform sediment simulations, but 4 stood out as the
best: Cheng, Meyer-Peter & Mueller, Van Rijn and Hunzinger formulas.

Results of the non-uniform simulations concerning Run-3, Run-4 and Run-5 were
a good approximation of the measurements, contrarily to the Run-2 and especially
the Run-1 case. The discordance in these 2 cases was interpreted as a result of
secondary effect underestimation.

The approach of A. Mendoza et al. (2017) for meandering rivers and channel
bends was used for model calibration, resulting in very good predictions compared
to other relevant model results.

The contribution of suspended to the total sediment transport was negligible.

The effect of the sediment transport and riverbed evolution processes on the
hydrodynamic flow regime was found to be minimal.
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5. The Mandra flood case study
5.1. Area of study

5.1.1. The city of Mandra

The city of Mandra is situated in the Thriasian Plain (Figure 5.1.), West Attica, which is
surrounded by Mountain Parnitha to the north, Mount Egaleo to the east, Mount Pateras
to the west and the Bay of Eleusina to the south. It is the seat of the Mandra-Eidyllia
municipality, which has an area of 426197 km? and 17885 citizens according to the
General Population Cencus of 2011. According to the same study, 12792 of them live in
Mandra municipal unit, which has an area of 205770 km?2. The municipal unit includes
also the villages of Nea Zoi (518), Agios Sotiras (488), Diodia (116), Pournari (92) and
several other settlements. Mandra is located 2km west of Magoula, 5 km northwest of
Elefsina and 22 km northwest of Athens city center. Due to its strategic location it hosts
an industrial zone which mainly serves as a logistics center, as well as the largest quarry
in South East Europe.

The Greek National Road 3 crosses the eastern part of the city and ascends the Pateras
mountain towards Thiva city. It is a single carriageway road that connects the suburbs of
Athens with Bitola city in F.Y.R.O.M.. It served as the main route until the 60’s, when it
was replaced by Al Motorway. The part of the road that runs alongside Soures creek
suffered heavy damages during the flash flood of 15/11/17.

i .,

*

ian Plain and the Attica basin (source: Google Earth).

Figure 5.1. The Thrias

5.1.2. The hydrographic network of Mandra area

Mandra town lays within a catchment basin of roughly 75 km?, which includes several
converging creeks with steep slopes that form the two main streams (s.) crossing the
town of Mandra that are s. Soures and s. Agia Aikaterini, whose catchment area is equal
to 23.0 and 22.0 km?, respectively. These streams (Figure 5.2.) are characterized by
significant morphological changes due to the intensive construction activities in the
greater area that resulted in a dramatic decrease of their available cross-sectional areas
and the occurrence of floods even at low flow rates. The need to face the frequent flood
problems in Mandra resulted in the beginning of the final study of the storm water works
in July 2012; its environmental terms were approved in July 2014 and the boundaries of
the two streams were specified in January 2016. The main components of these
structural works (Figure 5.3.) are:

1. the regulation of s. Soures (length=L=1.74 km, flow rate=Q=91-125 m>/s and cross-
sectional area=A=24.0-34.4 m?)

2. the partial diversion of the s. Agia Aikaterini (L=1.52 km, Q=47 m3/s and A=12.5-24.0
m?) to s. Soures. Downstream of its diversion location, the s. Agia Aikaterini flows
through Mandra city via an existing, enclosed rectangular conduit (L=2.27 km, Q=10
m3/s and A=3.4 m?) until it meets s. Soures. Then, the latter ends up at the beginning of
the existing, regulated part of the s. Soures that consists of a twin channel (4.0X3.0 m?).
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Figure 5.3. The regulated part of the s. Soures aftr the flood (Stamou, 2018).

5.2. Characteristics of the flash flood event

Starting from the evening of 14 November 2017 up to 20:00 there was a rainfall event of
minor scale at the northwestern part of Mandra area as well as the northern part of Nea
Peramos and the eastern slopes of Mount Pateras. During night though, several storm
events took place in the same area, which lasted about 8 hours.

The accumulated rainfall of the core event surpassed the 200 mm within 6 hours, most of
which occurred between 5:00 and 8:00 a.m. (3-6 UTC) of November 15 2017, as shown
in Figure 5.4. and Figure 5.5., according to National Observatory of Athens (N.O.A.). The
data collected by the radar of Mount Ymmitos of the National Meteorological Association
revealed that between the evening of 14 and 15 of November was about 80 mm.

According to Mandra residents the fast flood flows reached the northernmost buildings of
the city at around 6:00 a.m. The flow was characterized by heavy sediment and debris
transport, which is can be highlighted through the comparison between Figures 5.7. and
5.8.. The estimated maximum flooded area is also presented in Figure 5.9.
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XPOL-NOA Oros Patera, event core
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Figure 5.4. The rainfall rate of the main storm events as recorded by the radar XPOL of
the National Observatory of Athen (N.O.A.).
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Figure 5.5. The accumulated rainfall of the main storm events as recorded by the radar
XPOL of the National Observatory of Athens (N.O.A.).

Figure 5.6. Evolution of the rainfall events during November 15, 2017 as recorded by
the Ymmitos radar of the Hellenic National Meteorological Service (H.N.M.S.).
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5.3. In situ investigation in Mandra area

The research team involved in the study of Mandra flash flood, consisting of
undergraduate and graduate students of School of Civil Engineering of N.T.U.A. with
Professor Stamou as coordinator, visited the area of interest 4 times during the fall of
2018. The first 2 times were dedicated in the data collection concerning the area
topography (Figure 5.10) and the dimensions of the hydraulic structures related to the
flood transition process, as well as resident interviews about the evolution of the flood
event. The 3™ and 4™ visits were devoted to the distribution of the questionaries to
Mandra citizens in order to collect data with the ultimate goal to propose the
development of an Early Warning System. The data needed for the model as well as the
area and methods used were firstly specified.

The maximum level that flood flows reached was recorded in several positions, which
were used for hydrodynamic model calibration. The high concentration of these flows in
sediment and more specifically clay enabled the data collection months after the flood
event, since the mud stains were still visible on the city walls, indicating the maximum
water level. Branches and garbage entrapped on trees and fences also helped to identify
the maximum water level in certain areas. A tape measure and a laser distance meter
were used for measuring both the maximum flood flows level and the dimensions of the
hydraulic structures that were included in the model. These are mainly the culverts of the
s. Soures and the s. Agia Aikaterini and the subterranean rectangular part of s. Soures
that ends to s. Sarantapotamos. The information that the residents gave about the time-
space evolution of the flood event was also used for the hydrodynamic model validation.

Figure 5.10. Map of Mandra area (based on Google Earth), highlighting 5 areas of
interest. Presented clockwise: the culverts of National Road 3 in “Kantines” area, its
damages due to the FF event, the estuary of the regulated part of the s. Soures in the s.
Sarantapotamos, the part of the s. Soures crossing the industrial zone in a twin channel,
and the s. Agia Aikaterini upstream of Mandra city.
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6. The Mandra flood integrative model
6.1. Input data into TELEMAC-2D

6.1.1. Numerical mesh

The triangular mesh of Mandra in TELEMAC-2D that is shown in Figure 6.1 consists of
85753 nodes and 167051 triangular elements; it was produced with the Blue Kenue™
software. Blue Kenue offers two options for meshing areas: the T3 Channel Mesher and
the T3 Mesh Generator. Initially, the high resolution (5.0 mx5.0 m x1.0 m) Raster DEM
obtained by the National Cadastre & Mapping Agency S.A. (NCMA SA) was imported into
ArcGIS to produce the Mandra.xyz file. Then, the NCMA SA map of the greater area was
imported into ArcGIS to draw the banks of the streams and to develop the corresponding
Stream.xyz file and the shape file (.shp) for the line boundaries (banks) of the two
streams. The meshing of the streams was performed with the T3 Channel Mesher using 4
cross channel nodes, two of which were located at the banks and interval along the
channel equal to 2.0 m. The mesh of the rest floodplain was constructed with resolution
(edge length) equal to 30.0 m and edge growth ratio equal to 1.5. Elevations were
sampled from Mandra.xyz using inverse distance weighted interpolation (Sephard, 1968).
Land cover roughness was estimated based on the CORINE Land Cover (CLC12_GR)
inventory in Greece of the year 2012 that includes 45 land cover classes. In the area of
Mandra excluding the streams, 8 land cover classes were used (Table 6.1) with the
corresponding codes, Manning values and references. The CLC12_GR.shp file was
imported into ArcGIS together with Mandra.xyz to produce the file of the codes
(code.xyz) that are translated into Manning values (Mandra_n.xyz) via a MATLAB
program. In the streams we have constructed a xyz file (Stream_n.xyz) for the values n
of Manning coefficient based on the characteristics of the various segments of the
streams (Table 6.2). Manning values were sampled from Mandra_n.xyz and
Stream_n.xyz using nearest neighbor values interpolation.

Z

Figure 6.1. The finite element mesh of the geometry file used in Mandra model.
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Figure 6.2. The methodology.

Table 6.1. Corresponding Corine codes to Manning coefficient values.

CODE

112
121
122
223
243

LAND COVER USE

Discontinuous urban fabric
Industrial or commercial units
Roads, rail networks and associated land
Olive groves
Land principally occupied by agriculture,

with significant areas of natural vegetation

313
323
333

Mixed forest
Sclerophyllous vegetation
Sparsely vegetated areas

Table 6.2. Manning Values for stream’s bed.

STREAMS DESCRIPTION
Agia Aikaterini sluggish reaches, weedy,
deep pools
Soures sluggish reaches, weedy,
(unconstructed) deep pools
Soures Concrete float finished
(constructed)

54

Range of values based on

literature
0.060-0.115

0.115-0.230
0.013-0.038
0.043-0.050
0.058-0.100

0.100-0.230
0.072-0.125
0.050-0.070

Range of values based on

literature
0.050-0.080

0.050-0.080

0.013-0.016

0.100
0.200
0.020
0.045
0.060

0.140
0.100
0.070

0.065

0.065

0.016




There are 16 technical works in the s. Soures and 2 in the s. Agia Aikaterini, that their
dimentions are shown in Table 6.3.

Table 6.3. Corresponding Corine codes to Manning coefficient values.

No Technical Upstream Width or Diameter = Height (m) @ Length (m)
(<) work Location (m) (m)

TW1 Twin-pipe 3890 2x4.0 1.35 25.0
TW2 Culvert 3740 3.0 1.5 35.0
TW3 Culvert 2013 2.0 1.0 27.0
TW4 Twin-channel 1202 2x4.0 1.25 61.0
TW5S Twin-pipe 1010 2x0.8 38.0
TW6 Culvert 760 3.5 2.0 15.0
TW?7 Pipe 514 1.2 14.0
TW8 Pipe 444 1.2 13.0
TW9 Culvert 349 5.0 1.90 15.0
TW10 Culvert -120 5.5 4.5 18.0
TW11 Twin-channel -268 2x4.0 3.0 185.0
TW12  Twin-channel -850 2x4.0 3.0 16.0
TW13  Twin-channel -962 2x4.0 3.0 31.0
TW14  Twin-channel -1340 2x4.0 3.0 200.0
TW15 Twin-channel -1940 2x4.0 3.0 497

TW16 Bridge -1680 30.0 6.0 33.0
TW17 Culvert 4550 3.0 1.35 10

TW18 Pipe 2230 2.0 1.7 2319

The computational domain of Mandra FF MM includes 4 liquid boundaries; 2 inflow
boundaries, of which one is situated at the northernmost cross-section of s. Soures (LB3)
and the other to the northwestern reach of the s. Agia Aikaterini (LB4) The 2 outflow
boundaries are located at the estuary of the s. Soures at the s.Sarantapotamos (LB2)
and at the s. Mikro Katerini upstream of the city of Elefsina (LB1) (Figure 6.4). For the
inflow boundaries the Tsakiris (2017) hydrographs were used, as shown in Figure 6.3.
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Figure 6.3. Upstream hydrographs (Tsakiris, 2017).
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ire 6.4. Madraflood MM domain and he quid boundaries.
6.2. Input data into SISYPHE

6.2.1. Boundary conditions

A common practice in mathematical simulations is to shift the liquid boundaries further
away from the area of study in order to sidestep the unstabilities introduced by them to
the computational domain. This poses a serious challenge in the cases of sediment
transport/morphological simulations in riverine environments. Instabilities conserning the
velocities in the inflow boundaries frequently result in intense soil erosion, which
consequentially results in intense sediment transport downstream, affecting a big part of
the area of study. A solution to this problem was suggested by Tassi and Villaret (2014),
as well as Villaret et al. (2009). Their approach was to automatically deliver the bedload
at the model inflow boundaries, defined in quantity and grain proportions, in order to
keep the soil level in these areas constant in time. This also gave an approximation of
the inflow sediment flux, which in most cases is unknown. Another approach to this
problem is the imposed bed evolution option offered by SISYPHE, through which the user
can define the boundary with a fixed bed elevation (zero evolution) in the “liquid
boundaries” file. In the diploma thesis simulation, this approach was followed by defining
the areas around the inflow boundaries as non-erodable (Figure 6.6). The upstream
contribution in sediment generation and deposition processes was not taken into account
in the diploma thesis simulation, assuming that these processes take place within the
area of study, since it includes the largest part of the water catchment area.

6.2.2. Definition of rigid areas.

The effect of non-erodable areas in the sediment transport and geomorphological
processes is an important aspect that should be considered. These rigid areas can be
natural, like rocky formations or man-made structures, like buildings and roads. In the
water catchment of Mandra, 2 large non-erodable areas were taken into account, Mandra
city and the industrial zone. 2 rigid islets were added at the inflow boundaries in order to
achieve the imposed bed zero evolution, described previously (Figure 6.5).
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The user needs to include the NOEROD subroutine in the “user_fortran” file in order to
introduce the rigid area effect to the model. Then these areas must be defined in a
selafin file along with the geometry of the computational domain and the relative friction
“.slf” file. The steps of this procedure can be summed up to the following:

1. Creation of a new “.slf” file (File> New-> SELAFIN Object)

2. Given name "MANDRA_NOEROD" (Properties> Meta Data> Name->NOEROD)

3. Inclusion of BOTTOM and FRICTION meshes in the “.sIf” file (the 2 icons should be
dragged from the Geometry file and dropped to MANDRA_NOEROD)

4. Creation of the non-erodable mesh (MANDRA_NOEROD-> Add Variables> Name->
NOEROD)

5. Demarkation of the non-erodable areas (the icon of NOEROD mesh should be
dropped in the 2D view icon. Then, a New Closed Line should be drawn around the
mesh and saved with the value 100. The same applies for the case of non-
erodible areas, but the values given to these lines should be 0 instead)

6. NOEROD mesh update (NOEROD- Tools-> Map Object-> New Closed Line).

Inflow
Boundaries

Industrial
Zone

Mandra
City

Figure 6.5. Non-erodable areas in Mandra model domain (blue). The area of Mandra
city, the industrial zone and the inflow boundaries enclosed by black lines.

6.2.3. Limitations and assumptions

Uniform sediment of 0.63 mm was used for the simulation. The selection of this sediment
diameter was considered reasonable and is on the borderline between sand and silt. A
representative sediment rating curve was not available for the diploma thesis study.
Another limitation was the lack of geological data concerning the soil erodability. The
ACTIVE LAYER THICKNESS keyword is used in SISYPHE models in order to simulate
the soil erodability effect. The selected value was 0.001. The assumption that the soil
erosion and sediment transport takes place within the computational domain was made,
since it is a big part of the water catchment. Thus, no sediment flux was considered.
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6.3. Results presentation

6.3.1. Geomorphological evolution on the upstream part of the s. Soures
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Figure 6.6. Geomorphological evolution due to the flood flows on the upstream part of
the s. Soures at 2 hours (above) and 4 hours (below) from the start of the simulation.
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Figure 6.7. Gemorphological evolution due to the flood flows on the pstram- part of
the s. Soures at 6 hours (above) and 8 hours (below) from the start of the simulation.

59




6.3.2. Geomorphological evolution on the upstream part of the s. Agia Aikaterini
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Figur 6.8. Geomorphological evolution due to the flood flows on upstream part of
the s. Aikaterini at 2 hours (above) and 4 hours (below) from the start of the simulation.
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6.3.3. Geomorphological evolution of the cross-sectional profiles of Mandra streams
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Figure 6.10. Geomorphological evolution due to the flood flow in selected cross-sections
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6.3.4. Integrative model predictions of the flooded area

Figure 6.11. The model predictions concerning the flooded area at 2 hours (left) and
4 hours (right) after the start of the simulation.

Figure 6.12. The model predictions concerning the flooded area at 6 hours (left) and
8 hours (right) after the start of the simulation.

Figure 6.13. Comparison between the model predictions of the maximum flooded area
(3.5 hours after the start of the computation) and the in situ measurements (black line).



6.4. Discussion of the results

In the diploma thesis study, the effect of the flood flows on river geomorphology was
studied. TELEMAC-MASCARET system (Galand et al., 1991; Hervouet and Van Haren,
1996) was used for a fully coupled TELEMAC-2D/SISYPHE model of Mandra flood. The
sediment transport/geomorphology model, currently at a preliminary stage, utilized the
Engeland-Hansen & Chollet-Cunge sediment transport formula. Single-grain sediment
simulation was conducted due to the lack of sedimentological data. Uniform diameter
sediment of 0.63mm was used, corresponding to the borderline between sand and silt.
The approach of A. Mendoza et al. (2017) was not followed, since it is recommended for
meandering rivers and channel bends. The secondary current effect was not so profound
in the flood flows predicted by the model. The Mandra flood integrative model results can
be summed up to the following:

1. In the upstream part of the s. Soures intense erosion of the riverbed took place
(Figures 6.6 and 6.7), that reached 2 m of scour and 1.5 m of deposition at
around 4.5 hours after the start of the simulation.

2. The erosion in the s. Soures was characterized by scour along the stream banks
and deposition along the central part of the cross-sections (Figures 6.6 and 6.7).
This was less evident in the case of the s. Agia Aikaterini.

3. In the upstream part of the s. Agia Aikaterini (Figures 6.8 and 6.9) the
geomorphological changes were smaller compared to the case of the s. Soures,
but still substantial. This was attributed to the greater riverbed gradient of the last
compared to the s. Agia Aikaterini. The maximum erosion occurred 5 hours after
the start of the simulation. Maximum scour and deposition were predicted at 1.2
m and 1 m respectively.

4. There was a considerable lag between the time that maximum velocities and
maximum erosion occurred in each area, which was about 1 hour.

5. The model prediction of the maximum flooded area was consistent with the
measured one (Figure 6.13).

6. The effects of the geomorphological changes to the flooded area were found to be
minimal.

6.5. Conclusions and suggestions for future work

The Mandra flood integrative model results were considered reasonable. The model is
currently at a preliminary stage and needs to be validated with measurements
concerning the geomorphological changes. Some suggestions about the mathematical
simulation of the Mandra flood in future are the following:

1. The contribution of the geomorphological changes in the hydronamic flow regime
should be studied, since many researchers (Rickenmann et al., 2015) have
recently concluded that this effect may be substantial. This research could be
conducted through comparison between predicted water depths and velocities of
the clear water and integrative model along cross-sections in the computational
domain.

2. Mandra flood erosion processes were characterized by debris flows, an effect that
cannot be modelled with the TELEMAC-MASCARET system. Thus, simulations of a
debris flow/geomorphological model are suggested.

3. Simulations of a multigrain scenario should be conducted, when sedimentological
data are available. In that case a model utilizing Van Rijn sediment transport
formula is suggested. Van Rijn formula predictions of the final riverbed
morphology were consistent with the measurements in the Yen & Lee (1995)
multigrain simulation.

4. Simulations of a mud-sand scenario also should be conducted in order to study
the effect of cohesive sediment on the flow and the geomorphological processes.

5. The computational domain should be extended further upstream of the s. Soures
in order to include the Kantines area from which sediment/debris flux occurred.

6. The division of the area of study in sub-areas with different sediment diameters
corresponding to the geological data is also suggested.
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APPENDIX

Cheng formula
! KAk Ak khk Ak kA kK khkkhk*k

SUBROUTINE QSFORM

| Ak kkhkhkkkhkhkkhkkhkkhk

& (U2D, V2D, TOB, HN, XMVE, TETAP, MU, NPOIN, DM,

& DENS, GRAV, DSTAR, AC, QSC, QSS)
1

| % %k ok kK ok ok ok ok ok ok ok ok ok ok ok ko ok ko ok ko ok ko ok ok ok ok ok ok ok ok ok ko ok ko ko ok ok ok ok ok ok ok ok Kk ok ko k ko k ok ok ok ok ok ok ok &
! SISYPHE VeP2 21/07/2011

| % % o k% ok k ok ok ok ok ok ok ok ok ok ko ok ko ok ko ok ok ok ok ok ok ok ok ok ko ok ko k ko ok ok ok ok ok ok ok ok ok ok ko ok ko k ok ok k ok ok ok ok ok ok ok &
|

'brief ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT
'+ FORMULATION, BEST SUITED TO THEIR APPLICATION.
1

!warning USER SUBROUTINE; SAND TRANSPORT FORMULA MUST BE CODED BY THE USER

|

'history F. HUVELIN

I+ **/11/2003

I+ V5P4

I+ MODIFIED

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)
I+ 13/07/2010

I+ V6P0

I+ Translation of French comments within the FORTRAN sources into
1+ English comments

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

1+ 21/08/2010

1+ V6PO0

'+ Creation of DOXYGEN tags for automated documentation and
'+ cross-referencing of the FORTRAN sources

|

'history P. Tassi
1+ 22/05/2012
'+ V6P2

I+ Arguments added

USE INTERFACE SISYPHE, EX QSFORM => QSFORM
! USE DECLARATIONS SISYPHE

USE BIEF

IMPLICIT NONE
! INTEGER LNG, LU
! COMMON/ INFO/LNG, LU
c
CH—t—t—t—t—t—F—t—t—F—t—F—t—t—F—t—F—F—t—F—F—t—F—t—t—F—t—F—F—t—F—F—+—F+—+—+
c

TYPE (BIEF_OBJ), INTENT (IN) :: U2D, V2D, TOB, HN, TETAP, MU

TYPE (BIEF_OBJ), INTENT (INOUT) :: QSC, OSS

INTEGER, INTENT (IN) :: NPOIN

DOUBLE PRECISION, INTENT (IN) XMVE, DM, DENS, GRAV, DSTAR, AC

C
O e s st e e e e s At A
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INTEGER HER |

DOUBLE PRECISION :: PHI (NPOIN)
! DOUBLE PRECISION, PARAMETER :: ACOEFF = 0.004D0 ! Sediment transport
param (m"2s”-1)

! CHENG (2002) TYPE
DO I = 1, NPOIN
PHI (I)=13.0*TETAP%R(I)**1.5*EXP (-0.05/TETAPSR (I)**1.5)
QSC%R (I)=PHI (I)
0SS%R(I)=0.D0

END DO
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Rottner formula

| AKhkKkAhkkkkhkhkkkkhkkkhkh kKK

SUBROUTINE QSFORM

| KAk Ak khk kA kK khkkkk*k

& (U2D, V2D, TOB, HN, XMVE, TETAP, MU, NPOIN, DM,

& DENS, GRAV, DSTAR, AC, QSC, QSS)
i

IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2
! SISYPHE VeP2 21/07/2011
IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2

|

'brief ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT
'+ FORMULATION, BEST SUITED TO THEIR APPLICATION.
1

'warning USER SUBROUTINE; SAND TRANSPORT FORMULA MUST BE CODED BY THE USER
i

'history F. HUVELIN

'+ **/11/2003

'+ V5P4

I+ MODIFIED

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 13/07/2010

I+ V6PO

'+ Translation of French comments within the FORTRAN sources into
1+ English comments

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 21/08/2010

'+ V6Pr0

'+ Creation of DOXYGEN tags for automated documentation and
'+ cross-referencing of the FORTRAN sources

|

'history P. Tassi
1+ 22/05/2012
1+ V6P2

1+ Arguments added

USE INTERFACE SISYPHE, EX QSFORM => QSFORM
! USE DECLARATIONS SISYPHE
USE BIEF
USE DECLARATIONS SPECIAL
IMPLICIT NONE
|
e e e e e e e
|

TYPE (BIEF_OBJ),  INTENT (IN) :: U2D,V2D, TOB, HN, TETAP, MU

TYPE (BIEF OBJ),  INTENT (INOUT) :: QSC, 0SS

INTEGER, INTENT (IN) :: NPOIN

DOUBLE PRECISION, INTENT (IN) :: XMVE, DM, DENS, GRAV,DSTAR, AC

i
e e e o

INTEGER AT

DOUBLE PRECISION :: TERMI (NPOIN)

DOUBLE PRECISION :: TERM2 (NPOIN), TERM3 (NPOIN), PAR (NPOIN)
DOUBLE PRECISION :: UTOT (NPOIN)
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!**********ROTTNER BED LOAD FORMULA************************!

DO I = 1, NPOIN

UTOT (I)=SQRT (U2D%R (I) **2+V2DSR (I) **2)

TERM1 (I)=SQRT (GRAV*DENS*DM* *3)

TERM2 (I)=UTOT (I)/SQRT (DENS*GRAV*DM)

TERM3 (I)=0.667* ( (DM/HN%R (I))** (2/3)-0.14)
PAR (I)=TERM2 (I) *TERM3 (I)-0.778* (DM/HN%R (I))
OSC%R(I) = TERMI (I)*PAR(I)

0SS%R(I) = 0.DO

ENDDO

EXAMPLE BY VAN RIJN

Cl
C2 = 0.053D0 * SQRT (DM**3*DENS*GRAV) * DSTAR** (-0.3DO0)

DENS * GRAV * DM

DO I = 1, NPOIN
TRANSPORT STAGE PARAMETER

IF (TETAPSR(I) .LE. AC) THEN

T = 0.DO0
T = (TETAP%R(I)-AC)/MAX (AC,1.D-06)
ENDIF

BEDLOAD TRANSPORT RATE

QSC%R(I) = C2 * T**2.1DO0
QSS%R(I) = 0.D0
ENDDO

|

|

|

|

|

|

|

|

|

|

!

! ELSE
!

|

|

|

|

|

|

|

|

!

!  FOLLOWING LINES NEED TO BE COMMENTED OUT
|

é$$$1 IF(LNG.EQ.1) WRITE(LU,52)

c$ss! IF (LNG.EQ.2) WRITE (LU, 53)
cssst!
c$$s152 FORMAT (/,1X,' sTOP :',/
c$s$s! & ,1X,'" LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM'")
c$$$153 FORMAT (/,1X, "SISYPHE IS STOPPED : ',/
c$ss! & ,1X,'" SAND TRANSPORT MUST BE CALCULATED IN QSFORM')
c$ss! CALL PLANTE (1)
c$$S! STOP
|
| o o o
!
RETURN
END
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Karim Kennedy formula
! khkkhkkhkkkrkkhkkhkkhkhkxkkx

SUBROUTINE QSFORM

| KAk Ak khk kA kK khkkkk*k

& (U2D, V2D, TOB, HN, XMVE, TETAP, NSICLA, NPOIN, DM,

& DENS, GRAV, XWC, VCE, QSC, 0QSS)
i

IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2
! SISYPHE VeP2 21/07/2011
IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2

|

'brief ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT
'+ FORMULATION, BEST SUITED TO THEIR APPLICATION.
1

'warning USER SUBROUTINE; SAND TRANSPORT FORMULA MUST BE CODED BY THE USER
i

'history F. HUVELIN

'+ **/11/2003

'+ V5P4

I+ MODIFIED

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 13/07/2010

I+ V6PO

'+ Translation of French comments within the FORTRAN sources into
1+ English comments

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 21/08/2010

'+ V6Pr0

'+ Creation of DOXYGEN tags for automated documentation and
'+ cross-referencing of the FORTRAN sources

|

'history P. Tassi
1+ 22/05/2012
1+ V6P2

1+ Arguments added

USE INTERFACE SISYPHE, EX QSFORM => QSFORM
! USE DECLARATIONS SISYPHE
USE BIEF
USE DECLARATIONS SPECIAL
IMPLICIT NONE
|
e e e e e e e
|

TYPE (BIEF_OBJ),  INTENT (IN) :: U2D,V2D, TOB, HN, TETAP

TYPE (BIEF OBJ),  INTENT (INOUT) :: QSC, 0SS

INTEGER, INTENT (IN) :: NPOIN,NSICLA

DOUBLE PRECISION, INTENT (IN) :: XMVE, DM, DENS, GRAV, VCE
DOUBLE PRECISION, INTENT (IN) 1 XWC

DOUBLE PRECISION, PARAMETER :: k1 = 0.00139DO
!

Ittt —F——F—F—F =t~ -t~ —F - —+—+
INTEGER R
DOUBLE PRECISION :: TERMI (NPOIN)
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DOUBLE PRECISION :: TERM2 (NPOIN), TERM3 (NPOIN)
DOUBLE PRECISION :: USTAR(NPOIN),UTOT (NPOIN)

!**********KARIM AND KENNEDY TOTAIL LOAD FORMULA************************!

DO I = 1, NPOIN
IF (TOB%R(I).GT.0D0) THEN

USTAR(I) = (TOB%R(I)/XMVE)**0.5

ELSE

USTAR(I) = 0.DO

END IF

UTOT (I)=SQRT (U2D%R (I) **2+V2D%R (I) **2)
TERM1 (I)=(ABS (UTOT (I)) /SQRT (GRAV*DENS*DM) ) **2.97
TERM2 (I)= (USTAR (I)/XWC)**1.47

TERM3 (I)=SQRT (GRAV*DENS*DM* * 3)

OSC%R(I) = k1*TERMIL (I)*TERM2 (I)*TERM3 (I)
0SS%R(I) = 0.DO

END DO

EXAMPLE BY VAN RIJN
Cl = DENS * GRAV * DM
C2 = 0.053D0 * SQRT (DM**3*DENS*GRAV) * DSTAR** (-0.3DO0)
DO I = 1, NPOIN
TRANSPORT STAGE PARAMETER
IF (TETAPSR(I) .LE. AC) THEN

T = 0.D0
ELSE
ENDIF

BEDLOAD TRANSPORT RATE

QSC%R(I) = C2 * T**2.1DO0
QSS%R(I) = 0.D0
ENDDO

!
!
!
!
!
!
!
!
! T = (TETAP%R(I)-AC)/MAX(AC,1.D-06)
!
!
!
|
!
!
!
!

FOLLOWING LINES NEED TO BE COMMENTED OUT
|

i$$$! IF(LNG.EQ.1) WRITE(LU,52)

18851 IF (LNG.EQ.2) WRITE (LU, 53)
18$s!!
15885152 FORMAT (/,1X," STOP :',/
1588 & ,1X,'" LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM'")
1555153 FORMAT (/,1X, 'SISYPHE IS STOPPED : ',/
158351 & ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM')
18851 CALL PLANTE (1)
1588 STOP
i
| o o o
[
RETURN
END
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Frijlink formula
! khkkhkkhkkkrkkhkkhkkhkhkxkkx

SUBROUTINE QSFORM

| KAk Ak khk kA kK khkkkk*k

& (U2D, V2D, TOB, HN, XMVE, Q, MU, NPOIN, DM,

& DENS, GRAV, DSTAR, VCE, 0QSC, 0SS)
i

IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2
! SISYPHE VeP2 21/07/2011
IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2

|

'brief ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT
'+ FORMULATION, BEST SUITED TO THEIR APPLICATION.
1

'warning USER SUBROUTINE; SAND TRANSPORT FORMULA MUST BE CODED BY THE USER
i

'history F. HUVELIN

'+ **/11/2003

'+ V5P4

I+ MODIFIED

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 13/07/2010

I+ V6PO

'+ Translation of French comments within the FORTRAN sources into
1+ English comments

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 21/08/2010

'+ V6Pr0

'+ Creation of DOXYGEN tags for automated documentation and
'+ cross-referencing of the FORTRAN sources

|

'history P. Tassi
1+ 22/05/2012
1+ V6P2

1+ Arguments added

USE INTERFACE SISYPHE, EX QSFORM => QSFORM
! USE DECLARATIONS SISYPHE
USE BIEF
USE DECLARATIONS SPECIAL
IMPLICIT NONE
|
e e e e e e e
|

TYPE (BIEF_OBJ),  INTENT (IN) :: U2D,V2D, TOB, HN, Q, MU

TYPE (BIEF OBJ),  INTENT (INOUT) :: QSC, 0SS

INTEGER, INTENT (IN) :: NPOIN

DOUBLE PRECISION, INTENT (IN) :: XMVE, DM, DENS, GRAV, DSTAR,VCE

|

e e e o
|

INTEGER AT
DOUBLE PRECISION :: B,MI
DOUBLE PRECISION :: USTAR(NPOIN), STR(NPOIN), UTOT (NPOIN)
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! =——=> Global Parameters
B=5.D0

DO I=1,NPOIN

MI(I)=18*LOG10 (12*HNSR(I)/ (1.4*DM))
1 / (18*LOG10 (12*HNSR(I)/ (2.0*DM)))

USTAR (I)=SQRT (TOB%R (I) /XMVE)
UTOT (I) =SQRT (U2D%R (I) **2+V2D%R (I) **2)
STR(I)= -0.27*DM* (DENS+1) *XMVE*GRAV/ (TOB%R (I) *MI (I))

QOSC%R(I)=B*EXP (STR(I)) *DM*USTAR (I)*MI (I)
QSS%R(I)=0.DO0

END DO

EXAMPLE BY VAN RIJN
Cl = DENS * GRAV * DM
C2 = 0.053D0 * SQRT (DM**3*DENS*GRAV) * DSTAR** (-0.3DO0)
DO I = 1, NPOIN
TRANSPORT STAGE PARAMETER

IF (TETAPSR(I) .LE. AC) THEN

T = 0.DO
ELSE
ENDIF

BEDLOAD TRANSPORT RATE

QSC%R(I) = C2 * T**2.1DO0
QSS%R(I) = 0.D0
ENDDO

|

|

|

|

|

|

|

|

|

!

! T = (TETAP%R(I)-AC)/MAX (AC,1.D-06)
|

|

|

|

|

|

|

|

!

!  FOLLOWING LINES NEED TO BE COMMENTED OUT
|

i$$ IF(LNG.EQ.1) WRITE(LU,52)

Iss IF (LNG.EQ.2) WRITE (LU, 53)
|
18852 FORMAT (/,1X,"' STOP :',/
'ss & ,1X,'" LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM')
1$$53 FORMAT (/,1X, 'SISYPHE IS STOPPED : ',/
Iss & ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM')
1$$ CALL PLANTE (1)
1SS STOP
|
| e
!
RETURN
END
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Nielsen formula

| AKhkKkAhkkkkhkhkkkkhkkkhkh kKK

SUBROUTINE QSFORM

| KAk Ak khk kA kK khkkkk*k

& (U2D, V2D, TOB, HN, XMVE, TETAP, MU, NPOIN, DM,

& DENS, GRAV, DSTAR, AC, QSC, QSS)
i

IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2
! SISYPHE VeP2 21/07/2011
IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2

|

'brief ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT
'+ FORMULATION, BEST SUITED TO THEIR APPLICATION.
1

'warning USER SUBROUTINE; SAND TRANSPORT FORMULA MUST BE CODED BY THE USER
i

'history F. HUVELIN

'+ **/11/2003

'+ V5P4

I+ MODIFIED

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 13/07/2010

I+ V6PO

'+ Translation of French comments within the FORTRAN sources into
1+ English comments

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 21/08/2010

'+ V6Pr0

'+ Creation of DOXYGEN tags for automated documentation and
'+ cross-referencing of the FORTRAN sources

|

'history P. Tassi
1+ 22/05/2012
1+ V6P2

1+ Arguments added

USE INTERFACE SISYPHE, EX QSFORM => QSFORM
! USE DECLARATIONS SISYPHE
USE BIEF
USE DECLARATIONS SPECIAL
IMPLICIT NONE
|
e e e e e e e
|

TYPE (BIEF_OBJ),  INTENT (IN) :: U2D,V2D, TOB, HN, TETAP, MU

TYPE (BIEF OBJ),  INTENT (INOUT) :: QSC, 0SS

INTEGER, INTENT (IN) :: NPOIN

DOUBLE PRECISION, INTENT (IN) :: XMVE, DM, DENS, GRAV,DSTAR, AC

|

e e e o

INTEGER AT
DOUBLE PRECISION :: TERM1,COEF
DOUBLE PRECISION :: TERM2 (NPOIN), TERM3 (NPOIN)
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!**********NIELSEN (1992) BED LOAD FORMULA************************!

COEF=DENS*GRAV*DM*XMVE
TERM1=SQRT (GRAV*DENS*DM* *3)

DO I = 1, NPOIN

TERM2 (I)=12.0*TOB%R (I)/COEF-0.05
TERM3 (I)=SQRT (TOB%R (I) /COEF)
OSC%R(I) = TERM1*TERM2 (I)*TERM3 (I)
QSS%R(I) = 0.DO

ENDDO

EXAMPLE BY VAN RIJN

Cl
C2 = 0.053D0 * SQRT (DM**3*DENS*GRAV) * DSTAR** (-0.3DO0)

DENS * GRAV * DM

DO I = 1, NPOIN

TRANSPORT STAGE PARAMETER

IF (TETAPSR(I) .LE. AC) THEN

T = 0.DO
T = (TETAP%R(I)-AC)/MAX(AC,1.D-06)
ENDIF

BEDLOAD TRANSPORT RATE

QSCS%R(I) = C2 * T**2.1DO
QSS%R(I) = 0.DO
ENDDO

|

|

|

|

|

|

|

|

|

|

!

! ELSE
!

|

|

|

|

|

|

|

|

|

!  FOLLOWING LINES NEED TO BE COMMENTED OUT
|

é$$$1 IF(LNG.EQ.1) WRITE(LU,52)

c$$S! IF (LNG.EQ.2) WRITE (LU, 53)
cs$ss!!
c$$s 152 FORMAT (/,1X,' sTOP :',/
c$ss! & ,1X,"'" LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM')
c$85153 FORMAT (/,1X, "SISYPHE IS STOPPED : ',/
c$s$s! & ,1X,"'" SAND TRANSPORT MUST BE CALCULATED IN QSFORM'")
c$$S! CALL PLANTE (1)
c$s$s! STOP
i
| o o o
!
RETURN
END
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Ackers-White formula

| AKhkKkAhkkkkhkhkkkkhkkkhkh kKK

SUBROUTINE QSFORM

| KAk Ak khk kA kK khkkkk*k

& (U2D, V2D, TOB, HN, XMVE, Q, MU, NPOIN, DM,

& DENS, GRAV, DSTAR, VCE, 0QSC, 0SS)
i

IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2
! SISYPHE VeP2 21/07/2011
IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2

|

'brief ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT
'+ FORMULATION, BEST SUITED TO THEIR APPLICATION.
1

'warning USER SUBROUTINE; SAND TRANSPORT FORMULA MUST BE CODED BY THE USER
i

'history F. HUVELIN

'+ **/11/2003

'+ V5P4

I+ MODIFIED

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 13/07/2010

I+ V6PO

'+ Translation of French comments within the FORTRAN sources into
1+ English comments

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

1+ 21/08/2010

'+ V6P0

'+ Creation of DOXYGEN tags for automated documentation and
'+ cross-referencing of the FORTRAN sources

'history P. Tassi

1+ 22/05/2012

'+ V6P2

1+ Arguments added

USE INTERFACE SISYPHE, EX QSFORM => QSFORM
! USE DECLARATIONS SISYPHE
USE BIEF
USE DECLARATIONS SPECIAL
IMPLICIT NONE
|
Ittt -ttt —F—t—F—F—F—F—F—F—F—F—F—F—F—F—F - —F—F -t —F - —F -+ —+—+
|

TYPE (BIEF_OBJ),  INTENT (IN) :: U2D,V2D, TOB, HN, Q, MU

TYPE (BIEF OBJ),  INTENT (INOUT) :: QSC, QSS

INTEGER, INTENT (IN) :: NPOIN

DOUBLE PRECISION, INTENT (IN) XMVE, DM, DENS, GRAV, DSTAR,VCE

|

e e e o
i

INTEGER HES

DOUBLE PRECISION :: Alfa,Vn,Va,Vm,Vc,Vcl, QTR (NPOIN)

DOUBLE PRECISION :: USTAR (NPOIN),UTOT (NPOIN) ,Fgrl (NPOIN), S1 (NPOIN)
DOUBLE PRECISION :: Fgr (NPOIN), Fgr2 (NPOIN),Ggrl (NPOIN),Ggr (NPOIN)
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! ———> Global Parameters

Alfa = 1/ (3*DM)

! RhoSW = Me%Density / Me%$ExternalVar$WaterDensity

if (DSTAR.GT.60.) then

Vn =
Va =
Vm =
Ve =
else
Vn =
Va =
Vm =
/DSTAR in 1973 vers

Vecl= 2.79*Log10(DSTAR)—O.98*(LoglO(DSTAR))**2.—
3.46 ! 2.86*Logl0 (DSTAR) - (LoglO (DSTAR))**2.-3.53 in 1973 version

Vc =
endif

0.

0
1
0

1

00

.17
.78 ' 1.5 in 1973 version
.025

.-0.56*Log10 (DSTAR)
0.
1.

14+0.23/ (SQRT (DSTAR) )
67+6.83/DSTAR

ion

10.** (Vcl)

! ===> Sediment Mobility (Fgr)

DO I=1,NPOIN

USTAR (I) =SQRT (TOB%R (I) /XMVE)
UTOT (I) =SQRT (U2D%R (I) **2+V2D3R (I) **2)

Fgrl(I) = USTAR(I) **Vn/ (SQRT (GRAV*DM*DENS) )
Fgr2 (I) = SQRT(32.0) *Logl0 (Alfa*HNSR (I) /DM)
Fgr (I) = Fgrl(I)* (UTOT(I)/Fgr2(I))**(1-Vn)

| [

1.34+9.66

> Sediment Transport (Ggr e m3/s de sedimento por m3/s de fluxo de agua)

Ggrl(I) = Fgr(I)/Va
if (Ggrl(I).GE.1.) then

Ggr (I) =

Vec* (Ggrl (I)-1) **Vm

S1(I)=(USTAR(I)/UTOT(I))

'MeS$TransportCapacity (i,
1 ! (m)
QTR(I) = Ggr(I)*DM/S1(I)
! [m3/s/m] = [m/s]*[m]
QSC%R(I) = UTOT(I) * Ggr(I)
else
QSC%R(I) = 0.DO
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endif
QSS%R(I) = 0.DO
end do

EXAMPLE BY VAN RIJN

Cl = DENS * GRAV * DM
C2 = 0.053D0 * SQRT (DM**3*DENS*GRAV) * DSTAR** (-0.3DO0)

DO I = 1, NPOIN
TRANSPORT STAGE PARAMETER

IF(TETAPSR(I) .LE. AC) THEN

T = 0.DO
T = (TETAP%R(I)-AC)/MAX(AC,1.D-06)
ENDIF

BEDLOAD TRANSPORT RATE

QSCS%R(I) = C2 * T**2.1DO
Q0SS%R(I) = 0.DO
ENDDO

|

|

|

|

|

|

|

|

|

|

|

!

! ELSE
!

|

|

|

|

|

|

|

|

!

!  FOLLOWING LINES NEED TO BE COMMENTED OUT
|

i$$ IF(LNG.EQ.1) WRITE(LU,52)

158 IF (LNG.EQ.2) WRITE (LU, 53)
i
15852 FORMAT (/,1X,"' STOP :',/
183 & ,1X,' LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM')
15653 FORMAT (/,1X, 'SISYPHE IS STOPPED : ',/
158 & ,1X, "' SAND TRANSPORT MUST BE CALCULATED IN QSFORM')
183 CALL PLANTE (1)
1$$ STOP
i
| e e
!
RETURN
END

79



Yang Lim formula
! khkkhkkhkkkrkkhkkhkkhkhkxkkx

SUBROUTINE QSFORM

| KAk Ak khk kA kK khkkkk*k

& (U2D, V2D, TOB, HN, XMVE, TAUP, MU, NPOIN, DM,

& DENS, GRAV, VCE, XWC, QSC, 0QSS)
i

IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2
! SISYPHE VeP2 21/07/2011
IR R I S I I i S S S S I S e S S b R I b I b S I S b S I S R S R S b I S b I Sb R b S b S b b b S b S 2

|

'brief ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT
'+ FORMULATION, BEST SUITED TO THEIR APPLICATION.
1

'warning USER SUBROUTINE; SAND TRANSPORT FORMULA MUST BE CODED BY THE USER
i

'history F. HUVELIN

'+ **/11/2003

'+ V5P4

I+ MODIFIED

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 13/07/2010

I+ V6PO

'+ Translation of French comments within the FORTRAN sources into
1+ English comments

i

'history N.DURAND (HRW), S.E.BOURBAN (HRW)

'+ 21/08/2010

'+ V6Pr0

'+ Creation of DOXYGEN tags for automated documentation and
'+ cross-referencing of the FORTRAN sources

|

'history P. Tassi
1+ 22/05/2012
1+ V6P2

1+ Arguments added

USE INTERFACE SISYPHE, EX QSFORM => QSFORM
! USE DECLARATIONS SISYPHE
USE BIEF
USE DECLARATIONS SPECIAL
IMPLICIT NONE
|
e e e e e e e
|

TYPE (BIEF_OBJ),  INTENT (IN) :: U2D,V2D, TOB, HN, TAUP, MU

TYPE (BIEF OBJ),  INTENT (INOUT) :: QSC, 0SS

INTEGER, INTENT (IN) :: NPOIN

DOUBLE PRECISION, INTENT (IN) :: XMVE, DM, DENS, GRAV,VCE, XWC

DOUBLE PRECISION, PARAMETER :: k2 = 12.5DO0

|

Ittt —F——F—F—F =t~ -t~ —F - —+—+

INTEGER AT
DOUBLE PRECISION :: TERM(NPOIN) ,USTAR (NPOIN), UCR (NPOIN)
DOUBLE PRECISION :: RS,WS V,TCR
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!**********YANG LIM TOTAL LOAD FORMULA************************!

DO I = 1, NPOIN
USTAR (I)=SQRT ( TOBoR I)/XMVE)

UCR (I)=SQRT (TAUP%R (I)/XMVE)

TERM (I)=(USTAR (I )**2—UCR(I)**2)/XWC

IF (USTAR(I).GT.UCR(I)) THEN

QSC%R(I) = k2* (DENS+1) *TOB%R (I)*TERM (I)/ (XMVE*DENS)
ELSE

QSC%R(I)= 0.DO

END IF

QSS%R(I) = 0.DO

ENDDO

EXAMPLE BY VAN RIJN

Cl = DENS * GRAV * DM
C2 = 0.053D0 * SQRT (DM**3*DENS*GRAV) * DSTAR** (-0.3DO0)

DO I = 1, NPOIN
TRANSPORT STAGE PARAMETER

IF (TETAPSR(I) .LE. AC) THEN

T = 0.DO
T = (TETAP%R(I)-AC)/MAX(AC,1.D-06)
ENDIF

BEDLOAD TRANSPORT RATE

QSCS%R(I) = C2 * T**2.1DO
QSS%R(I) = 0.DO
ENDDO

|

|

|

|

|

|

|

|

|

|

!

! ELSE
|

|

|

|

|

|

|

|

!  FOLLOWING LINES NEED TO BE COMMENTED OUT
|

é$$$! IF(LNG.EQ.1) WRITE (LU, 52)

c$ss! IF (LNG.EQ.2) WRITE (LU, 53)
cssst!
c$$s152 FORMAT (/,1X,"' STOP :',/
c$s$s! & ,1X,'" LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM'")
c$85153 FORMAT (/,1X, 'SISYPHE IS STOPPED : ',/
c$ss! & ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM')
c$ss! CALL PLANTE (1)
c$s$s$! STOP
|
| o o o
!
RETURN
END
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