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Abstract 
 

In the present study TELEMAC-MASCARET system was used to simulate the effect of 

sediment transport and geomorphological changes on the November 15th, 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. 
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Εκτενήσ Περίληψη/ Extended Abstract (in Greek) 
 

1. Ειςαγωγή 
Οη Ξαθληθέο Πιεκκύξεο (ΞΠ) είλαη (Grutfest & Huber, 1991) γξήγνξεο ξνέο ζηελ 

επηθάλεηα ηεο Γεο θαη πξνθαινύληαη από έληνλε βξνρόπησζε ζε κηθξό ρξνληθό δηάζηεκα. 

Δίλαη από ηα πην θαηαζηξνθηθά θπζηθά θαηλόκελα θαη έρνπλ σο απνηέιεζκα ηελ απώιεηα 

αλζξώπηλσλ δσώλ, αιιά θαη νηθνλνκηθέο επηπηώζεηο ζε παγθόζκηα θιίκαθα (E. Gaume et 

al., 2008). Σν κέζν εηήζην θόζηνο ησλ θπζηθώλ θαηαζηξνθώλ, παγθνζκίσο, αλέξρεηαη ζε 

40 εθαη. € (Munich Re, 2003). Έλα ζεκαληηθό κέξνο απηώλ νθείιεηαη ζε ΞΦ. Έλα κόλν 

επεηζόδην ΞΠ πξνμέλεζε θαηαζηξνθέο αμίαο 1.2 εθαη. € ζηελ πεξηνρή ηεο Gard, ζηε λόηηα 

Γαιιία, ην 2002, ελώ ζηελ πεξίπησζε ηεο πιεκκύξαο ηνπ πνηακνύ Aude, ην 1999, 

πξνθιήζεθαλ θαηαζηξνθέο αμίαο 3.3 εθαη. € (Huet et al., 2003). Όζν κεγάιεο θαη αλ 

είλαη νη επηπηώζεηο ζηελ νηθνλνκία, δελ κπνξνύλ λα ζπγθξηζνύλ κε ηηο απώιεηεο 

αλζξώπηλσλ δσώλ. Οη ηειεπηαίεο, είλαη ζεκαληηθέο ηόζν ζηηο κεζνγεηαθέο ρώξεο, αιιά θαη 

επξύηεξα. Υαξαθηεξηζηηθό είλαη ην παξάδεηγκα ηεο πιεκκύξαο ηεο Βαξθειώλεο (1962), 

πνπ ζηνίρηζε ηε δσή ζε πάλσ από 400 θαηνίθνπο (L. Bustow et al., 1964). Αληίζηνηρεο 

έληαζεο ήηαλ θαη ηα θαηλόκελα ζην Piemond ηεο Ιηαιίαο, ην 1968 θαη 1994, κε 72 θαη 69 

λεθξνύο αληίζηνηρα (Ferro, 2005/ Guzzeti et al., 2005). Η αλά ρείξαο δηπισκαηηθή 

εξγαζία παξνπζηάδεη πηπρέο ηεο κεγάιεο ΞΠ πνπ έπιεμε ηελ πεξηνρή ηεο Μάλδξαο ζηηο 15 

Ννεκβξίνπ ηνπ 2017 θαη ζηνίρηζε ηε δσή ζε 23 αλζξώπνπο. 

 

Σα ηειεπηαία ρξόληα, αξθεηέο κειέηεο πξνηείλνπλ ζπζρέηηζε κεηαμύ ησλ πνιύ έληνλσλ 

βξνρνπηώζεσλ, θαη θαη’ επέθηαζε ησλ ΞΠ, κε ηελ θιηκαηηθή αιιαγή (IPCC, 1995). Απηό 

αλακέλεηαη λα νδεγήζεη ζε αύμεζε ηεο ζπρλόηεηαο εκθάληζεο ΞΠ, θάηη πνπ εθηηκάηαη όηη 

ζα έρεη ηδηαίηεξα δπζκελείο επηπηώζεηο ζε μεξέο πεξηνρέο, όπσο ε ιεθάλε ηεο Μεζνγείνπ 

(Alpert et al., 2002). Οη ΞΠ ηείλνπλ λα είλαη πην θαηαζηξνθηθέο όηαλ εθδειώλνληαη ζε 

αζηηθό πεξηβάιινλ, ην νπνίν ραξαθηεξίδεηαη από αδηαπέξαηεο επηθάλεηεο (Davis, 2001). 

Έλαο αθόκα παξάγνληαο πνπ ζπληαιεί ζε απηό είλαη ην όηη ε κεγέζπλζε ησλ πόιεσλ δελ 

ζπλνδεύεηαη πάληα από έξγα αληηπιεκκπξηθήο πξνζηαζίαο (C. Papathanasiou et al., 

2012). Σα έξγα ππνδνκήο αλαπηύζζνληαη πνιιέο θνξέο γηα λα θαιύςνπλ ζπγθεθξηκέλεο 

αλάγθεο πνπ πξνθύπηνπλ από ηελ θνηλνληθννηθνλνκηθή κεγέζπλζε αγλνώληαο ηηο 

ελδερνκέλσο αξλεηηθέο επηπηώζεηο πνπ απηά ζα έρνπλ ζηελ παξνρεύηεζε ησλ 

πιεκκπξηθώλ ξνώλ (C. Papathanasiou et al., 2015). Σέηνηα είλαη ε πεξίπησζε έξγσλ πνπ 

πξνθαινύλ πδξνκνξθνινγηθή αιινίσζε ζε κηα ιεθάλε απνξξνήο ή απμάλνπλ ηηο 

αδηαπέξαηεο επηθάλεηεο. 

 

Οη ΞΠ ζρεηίδνληαη κε έληνλεο γεσκνξθνινγηθέο αιινηώζεηο (Δηθόλα 1), πνπ πξνθύπηνπλ 

από ηε ζπκπαξάζπξζε θαη απόζεζε ζηεξεώλ από ηηο πιεκκπξηθέο ξνέο. Αλακέλεηαη όηη νη 

γεσκνξθνινγηθέο αιινηώζεηο ζα απμεζόύλ ζην κέιινλ, ιόγσ ηεο εξεκνπνίεζεο πεξηνρώλ 

πνπ θηάλνπλ σο θαη ην 35% ηεο επηθάλεηαο ηεο ζηεξηάο, νη νπνίεο ζα είλαη πην επηξξεπείο 

ζηε δηάβξσζε (UNEP). Η επίδξαζε ησλ ζηεξεώλ ζηα πδξνδπλακηθά ραξαθηεξηζηηθά ησλ 

πιεκκπξηθώλ ξνώλ δελ ιακβάλεηαη ππόςε ζηα δηάθνξα κνληέια, σο ζήκεξα. 

 

 
Εικόνα 1. Δλαπόζεζε θεξηώλ ζε ξέκαηα θαηά ηηο πιεκκύξεο ηνπ Απγνύζηνπ ηνπ 2005 ζε 

πεξηνρέο ηεο Διβεηίαο. (πεγή: wileyonlinelibrary.com/journal/espl). 
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2. Βιβλιογραφική έρευνα 
Ο ζθνπόο ηεο βηβιηνγξαθηθήο έξεπλαο είλαη ε επηινγή ηνπ ΜΜ πνπ ζα ρξεζηκνπνηεζεί γηα 

ηε δηπισκαηηθή εξγαζία. Απηό ζα πξέπεη λα πιεξνί ηα αθόινπζα θξηηήξηα: 

1. Να είλαη ειεύζεξα δηαζέζηκν ζην δηαδίθηπν 

2. Να έρεη ρξεζηκνπνηεζεί επαξθώο θαη λα ζεσξείηαη αμηόπηζην 

3. Να δηαζέηεη αλνηρηό θώδηθα πνπ λα επηηξέπεη ζηνλ ρξήζηε ηπρνύζεο αιιαγέο 

4. Να κπνξεί λα ιεηηνπξγήζεη κε κηα πιεζώξα εμηζώζεσλ ζηεξενκεηαθνξάο γηα ηελ 

κειέηε θαη ζύγθξηζή ησλ απνηειεζκάησλ ηνπο κε πεηξακαηηθά δεδνκέλα 

 

Σα Μαζεκαηηθά Μνληέια (ΜΜ) είλαη βαζηθό εξγαιείν γηα πξνζνκνηώζεηο ΞΠ. Η αλάπηπμε 

ηεο ηερλνινγίαο ζηε ζύγρξνλε επνρή ζπληέιεζε ζην λα θαηαζηήζεη νηθνλνκηθά εθηθηή ε 

αγνξά πξνζσπηθνύ ππνινγηζηή από έλα ζεκαληηθό κέξνο ηνπ πιεζπζκνύ. Απηό νδήγεζε 

ζηελ επέθηαζε ηεο ρξήζεο ησλ ΜΜ, ηα νπνία κέρξη πξόηηλνο ρξεζηκνπνηνύληαλ γηα 

εξεπλεηηθνύο ζθνπνύο, ζηνλ θιάδν ησλ κειεηεηώλ κεραληθώλ. Οη θύξηεο κέζνδνη πνπ 

ρξεζηκνπνηνύληαη γηα ηε δηαθξηηνπνίεζε ηνπ ρώξνπ είλαη νη κέζνδνο ησλ πεπεξαζκέλσλ 

δηαθνξώλ (FDM), ε κέζνδνο ησλ πεπεξαζκέλσλ ζηνηρείσλ (FEM) θαη ε κέζνδνο ησλ 

πεπεξαζκέλσλ όγθσλ (FVM). 

 

Σα ΜΜ ρξεζηκνπνηνύληαη γηα αλάιπζε θηλδύλνπ ηόζν ζηελ ππάξρνπζα θαηάζηαζε, όζν θαη 

ζε κειινληηθέο θαηαζηάζεηο, αιιά έρνπλ θαη έλαλ επξύηεξν ξόιν (Van Duivedijk, 2005). 

Πην ζπγθεθξηκέλα, ρξεζηκνπνηνύληαη γηα ηνλ έιεγρν ηεο απνηειεζκαηηθόηεηαο 

αληηπιεκκπξηθώλ έξγσλ, γηα ηελ εθηίκεζε ησλ απνηειεζκάησλ ηεο πιεκκύξαο ζηα έξγα 

κηαο πεξηνρήο, θαζώο θαη γηα θαηάζηξσζε ραξηώλ πιεκκπξηθνύ θηλδύλνπ. 

Υξεζηκνπνηνύληαη ηέινο θαη γηα ηελ αλάπηπμε ΢πζηεκάησλ Έγθαηξεο Πξνεηδνπνίεζεο 

(΢ΔΠ) πνπ ζηόρν έρνπλ ηελ ελεκέξσζε ησλ πνιηηώλ γηα ηπρνύζα επεξρόκελε πιεκκύξα. 

 

Σα ΜΜ γηα ηελ πξνζνκνίσζε ΞΠ κπνξεί λα είλαη ζηνραζηηθά, λα βαζίδνληαη δειαδή ζηελ 

αλάιπζε ηεο ζπρλόηεηαο ηεο πιεκκύξαο θαη ληεηεξκηληζηηθά, δειαδή λα βαζίδνληαη ζηηο 

θπζηθέο ηδηόηεηεο ησλ παξακέηξσλ πνπ επεξεάδνπλ κηα ΞΠ (Mambretti et al., 2008). Σα 

ληεηεξκηληζηηθά ΜΜ είλαη ζπρλά κνληέια δηόδεπζεο πιεκκύξαο, πνπ εθηηκνύλ ηελ εμέιημε 

ηνπ πδξνγξαθήκαηνο ηεο δηαηνκήο εηζόδνπ θαηά κήθνο κηαο θνίηεο πνηακνύ ή κηαο 

πιεκκπξηθήο ιεθάλεο. Σα πξνδπλακηθά κνληέια 1Γ επηιύνπλ 2 εμηζώζεηο γηα λα 

πξνβιέςνπλ ηελ εμέιημε ηνπ πδξνγξαθήκαηνο: ηελ εμίζσζε ηεο ζπλέρεηαο θαη ηελ 

εμίζσζε ηεο δηαηήξεζεο ηεο γξακκηθήο νξκήο. Τπνινγίδνπλ 2 κεηαβιεηέο ηεο ξνήο, ηελ 

κέζε ηαρύηεηα (U) θαη ηε ζηάζκε ηνπ λεξνύ (H). 

 

Σα κνληέια δηόδεπζεο πιεκκύξαο κπνξεί λα είλαη πδξνινγηθά ή πδξνδπλακηθά. Σα 

πδξνινγηθά κνληέια επηιύνπλ ηελ εμίζσζε δηαηήξεζεο ηεο κάδαο θαη κηα εκπεηξηθή ζρέζε 

γηα ηνλ ππνινγηζκό ηνπ πδξνγξαθήκαηνο εμόδνπ. Δίλαη πην απινπζηεπηηθά από ηα 

πδξνδπλακηθά θαη ζεσξνύληαη αθαηάιιεια γηα ηελ πεξίπησζε ηαρέσο αλπςνύκελσλ 

πδξνγξαθεκάησλ εηζόδνπ, όπσο ζπκβαίλεη κε ηηο ΞΠ, γηαηί ακεινύλ ηελ επίδξαζε από ηα 

αλάληε. ΢ηα πδξνδπλακηθά κνληέια αληίζεηα, ιακβάλνληαη ππόςε απηά ηα θαηλόκελα θαη 

γη’ απηό ελδείθλπληαη γηα πξνζνκνηώζεηο ΞΠ. Απηά επηιύνπλ ηηο εμηζώζεηο Navier Stokes 

γηα λα ππνινγίζνπλ ηελ παξνρή, ηελ ηαρύηεηα θαη ηηο ζηάζκεο ζε ζέζεηο ηεο ξνήο. 

 

΢ηηο κέξεο καο, ηα πδξνδπλακηθά κνληέια 1Γ θαη 2Γ ρξεζηκνπνηνύληαη ζηηο πεξηζζόηεξεο 

πεξηπηώζεηο γηα αλάιπζε πιεκκπξηθνύ θηλδύλνπ (Kvocka et al., 2017), παξόηη ηα 

πεξηζζόηεξα πξνγξάκκαηα δηαζέηνπλ θαη κνληέια 3Γ. Δίλαη ζεκαληηθό λα βξεζεί κηα κέζε 

ιύζε κεηαμύ ηεο απαηηνύκελεο αθξίβεηαο ησλ απνηειεζκάησλ θαη ησλ δηαηηζέκελσλ 

ππνινγηζηηθώλ δπλαηνηήησλ. Η επηινγή ησλ δηαζηάζεσλ ηνπ κνληέινπ εμαξηάηαη από ην 

κέγεζνο ηεο πεξηνρήο κειέηεο (Huybrechts et al., 2010). Σα κνληέια 1Γ ρξεζηκνπνηνύληαη 

θπξίσο γηα πεξηνρέο κεγάιεο έθηαζεο ζε αληίζεζε κε ηα 3Γ κνληέια πνπ ελδείθλπληαη γηα 

κηθξέο πεξηνρέο κειέηεο. Σα 2Γ ρξεζηκνπνηνύληαη ζε ελδηάκεζεο πεξηπηώζεηο. Σα κνληέια 

2Γ ρξεζηκνπνηνύληαη γηα ηε πξνζνκνίσζε ΞΠ γηα ηνλ επηπξόζζεην ιόγν όηη ππνινγίδνπλ 

ηα κέζα θαζ’ ύςνο κεγέζε, πνπ ζεσξείηαη ηθαλνπνηεηηθή ζύκβαζε γηα ηηο πεξηπηώζεηο όπνπ 

ε επηθάλεηα πνπ θαηαιακβάλεηαη απ’ ηελ πιεκκύξα είλαη πνιύ κεγαιύηεξε από ην βάζνο 

ηνπ λεξνύ. 
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Γηάθνξα πξνγξάκκαηα δηαηίζεληαη ζήκεξα, πνπ κπνξνύλ λα ρξεζηκνπνηεζνύλ γηα 

πξνζνκνηώζεηο ΞΠ. Κάπνηα από ηα πην γλσζηά είλαη ην CCHE2D-Flow πνπ αλαπηύρζεθε 

από ην Παλεπηζηήκην ηνπ Μηζηζίπη, ην HEC-RAS πνπ είλαη πηζαλόηαηα ην πην δηαδεδνκέλν 

θαη επάξρεη ζε εθδόζεηο 1Γ, 2Γ θαη 3Γ, ην MIKE FLOOD πνπ είλαη έλα παθέην εηδηθά 

ζρεδηαζκέλν γηα ηελ πξνζνκνίσζε πιεκκπξηθώλ θαηλνκέλσλ. Σέινο ππάξρεη θαη ε 

πιαηθνξκα ινγηζκηθνύ TELEMAC-MASCARET, ε νπνία πεξηιακβάλεη δηάθνξα ππνκνληέια 

πνπ θαιύπηνπλ έλα κεγάιν εύξνο εθαξκνγώλ. 

 

Η βηβιηνγξαθηθή έξεπλα, πνπ έγηλε ζηα πιαίζηα ηεο δηπισκαηηθήο εξγαζίαο, αθνξά εθηόο 

από ηα δηαζέζηκα ΜΜ θαη ηηο εμηζώζεηο ζηεξενκεηαθνξάο. Με ηελ πάξνδν ησλ ρξόλσλ κηα 

πιεζώξα από εμηζώζεηο ζηεξενκεηαθνξάο έρνπλ αλαπηπρζεί κε ζθνπό ηελ πξόβιεςε ηνπ 

ξπζκνύ ζηεξενκεηαθνξάο. Ο ξπζκόο απηόο αθνξά ζπλεθηηθό ή κε ζπλεθηηθό ίδεκα ή κηα 

κίμε απηώλ. Η ζπλνιηθή ζηεξενκεηαθνξά κπνξεί λα αλαιπζεί ζε 2 ζπληζηώζεο, ηελ 

ζηεξενκεηαθνξά ζε ζύξζε θαη ηε ζηεξενκεηαθνξά ζε αηώξεζε. Η ηειεπηαία είλαη θαη ε πην 

ζεκαληηθή γηα ηελ πεξίπησζε ηνπ κε ζπλεθηηθνύ ηδήκαηνο, ην νπνίν ρξεζηκνπνηήζεθε ζηηο 

πξνζνκνηώζεηο ησλ κνληέισλ ηεο δηπισκαηηθήο εξγαζίαο. ΢ηνλ Πίλαθα 1 παξνπζηάδνληαη 
θάπνηεο βαζηθέο παξάκεηξνη ησλ εμηζώζεσλ ζηεξενκεηαθνξάο, όπνπ:    ε ππθλόηεηα ηνπ 

ηδήκαηνο,    ε ππθλόηεηα ηνπ λεξνύ, g ε επηηάρπλζε ηεο βαξύηεηαο, D50 ε δηάκεηξνο ηνπ 

θόθθνπ ηδήκαηνο από ηελ νπνία ην 50% ησλ θόθθσλ ηνπ δείγκαηνο έρεη κηθξόηεξε 

δηάκεηξν,ηb ε δηαηκεηηθή ηάζε ππζκέλα θαη λ ε θηλεκαηηθή ζπλεθηηθόηεηα. 

 

Πίνακας 1. Γεληθέο παξάκεηξνη ζηεξενκεηαθνξάο ζε πνηάκην πεξηβάιινλ. 

Γεληθέο Παξάκεηξνη 

΢ρεηηθή ππθλόηεηα   
     
  

 

Αδηάζηαηε δηάκεηξνο 

θόθθνπ ηδήκαηνο 
    

  

 
        

Κξίζηκε παξάκεηξνο 

Shields 

[Πξνζέγγηζε θακπύιεο 

Shields –  

Van Rijn (1993)] 

ζcr=

{
 
 

 
 

               

                   

                     

                        
            

 

[Soulsby (1997)]     
   

       
                      

Δπηθαλεηαθή ηξηβή μ=
  
 

  
, όπνπ       

 

     
   

  
 
  , k=0.40 (von Karman) 

Σαρπηεηα θαζίδεζεο κε 

ζπλεθηηθνύ ηδήκαηνο 
Ws=

{
 
 

 
 

         
 

   
       

    

   

   
[√       

         
 

 
  ]             

    

   √                   
   

  

Soulsby (1997)    
 

   
                

            

Παξάκεηξνο Shields   
  

           
 

Σαρύηεηα δηάηκεζεο    √
  
  

 

 

΢ηελ επόκελε ζειίδα παξνπζηάδνληαη κεξηθέο επξύηαηα ρξεζηκνπνηνύκελεο εμηζώζεηο 

ζηεξενκεηαθνξάο, θαζώο θαη ην εύξνο εθαξκνγήο ηνπο. Η ζηεξενπαξνρή Qb εθθξάδεηαη 

ζε m2/s, ελώ ζε θάπνηεο πεξηπηώζεηο ππνινγίδεηαη πξώηα ε αδηαζηαηνπνηεκέλε παξνρή 

ζηεξενκεηαθνξάο Φb. Η ζηεξενπαξνρή ρξεζηκνπνηείηαη ζηε ζπλέρεηα γηα ηελ εθηίκεζε ηεο 

εμέιημεο ππζκέλα κέζσ ηεο εμίζσζεο Exner. 
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 Δμίζσζε ζηεξενκεηαθνξάο ηδήκαηνο ζε ζύξζε Rottner (1959) 

   √         
  

√     

         
        

   
 
                 

   
 
   

 
 Δμίζσζε ζηεξενκεηαθνξάο ηδήκαηνο ζε ζύξζε Nielsen (1992)  

   √         
  (

    

           
      √

  

           
 

 

 Δμίζσζε ζηεξενκεηαθνξάο ηδήκαηνο ζε ζύξζε Meyer-Peter & Muller (1947)  

Φb={
          

        
            

 

     √         
  

 

 Δμίζσζε ζηεξενκεηαθνξάο ηδήκαηνο ζε ζύξζε Van Rijn (1993)  

Φb={
          

       
     

     

   
             

 

     √         
  

 

 Δμίζσζε ζηεξενκεηαθνξάο ηδήκαηνο ζε ζύξζε Schoklich (1962) 

         
     √    

 , όπνπ J ε θιίζε ελέξγεηαο 

   √      ε παξνρή 

Qb={
          

   

 
 
 

                 
 

 

 Δμίζσζε ζηεξενκεηαθνξάο ηδήκαηνο ζε ζύξζε Cheng (2002)  

        
         

    

    
  

     √         
  

 

 Δμίζσζε ζπλνιηθήο ζηεξενκεηαθνξάο Karim-Kennedy (1983) 

Qt=k1[
√     

√         
]2.97(

  

  
)1.47√         

  όπου k1=0.00139 

 

 Δμίζσζε ζπλνιηθήο ζηεξενκεηαθνξάο Engelund-Hansen  

      √         
  √

  

           
   
 

   , όπνπ CF ν ζπληειεζηήο ηξηβήο. 

 

Ο παξαθάησ πίλαθαο παξνπζηάδεη ην ζπληζηώκελν εύξνο εθαξκνγώλ δηαθόξσλ εμηζώζεσλ 

ζηεξενκεηαθνξάο ζπκθσλα κε ηνπο Karamisheva et al. (2006). 

 

Πίνακας 2. Δύξνο εθαξκνγώλ εμηζώζεσλ ζηεξενκεηαθνξάο (Karamisheva et al., 2006). 

Δμίζσζε ζηεξενκεηαθνξάο Βάζνο (m) Κιίζε 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. Η πλατφόρμα λογιςμικού TELEMAC-MASCARET 
Η πιαηθόξκα ινγηζκηθνύ TELEMAC-MASCARET επηιέρζεθε γηα ηε δηπισκαηηθή εξγαζία 

γηαηί πιεξνί ηα θξηηήξηα πνπ ηέζεθαλ πξνεγνπκέλσο. Πξόθεηηαη γηα έλα αλνηθηό ζύζηεκα 

από επηκέξνπο ππνκνληέια πνπ θαιύπηνπλ έλα κεγάιν εύξνο εθαξκνγώλ θαη βαζίδεηαη ζε 

δηαθξηηνπνίεζε ρώξνπ πεπεξαζκέλσλ ζηνηρείσλ (FEM): 

 SISYPHE είλαη ην ππνκνληέιν ζηεξενκεηαθνξαο θαη εμέιημεο ππζκέλα. 

 Σν NESTOR αμηνπνηεί ηα δεδνκέλα από βπζνθνξήζεηο ζε πνηακνύο γηα 

πξνζνκνηώζεηο κεηαβνιώ ηνπ ππζκέλα. 

 Σν MASCARET 1 είλαη ην πδξνδπλακηθό κνληέιν 1Γ γηα πξνζνκνηώζεηο κε ειεύζεξε 

επηθάλεηα  

 Σν ARTEMIS ρξεζηκνπνηείηαη γηα πξνζνκνηώζεηο πνπ ζρεηίδνληαη κε αλεκνγελή 

θύκαηα ζε αθηέο θαη ιηκέλεο. 

 Σν TELEMAC-2D είλαη ην πδξνδπλακηθό κνληέιν 2Γ πνπ ρξεζηκνπνηείηαη ζε 

πξνζνκνηώζεηο πνπ ραξαθηεξίδνληαη από κηθξό ζε ζρέζε κε ηελ επηθάλεηα βάζνο. 

 Σν TELEMAC-3D ρξεζηκνπνηείηαη γηα πξνζνκνηώζεηο πνπ αθνξνύλ ζρεηηθά κηθξήο 

έθηαζεο πεξηνρή κειέηεο ζηηο νπνίεο δελ κπνξνύλ λα ρξεζηκνπνηεζνύλ ηα κέζα 

θαζ’ ύςνο κεγέζε. 

 

Γηα ηα κνληέια πνπ πξνζνκνηώζεθαλ ζηε δηπισκαηηθή εξγαζία ρξεζηκνπνηήζεθε ην 

SISYPHE γηα ηελ κνληεινπνίεζε ησλ δηεξγαζηώλ ηεο ζηεξενκεηαθνξάο/εμέιημεο ππζκέλα 

άκεζα ζπδεπγκέλν κε ην TELEMAC-2D γηα ην πδξνδπλακηθό θαζεζηώο. 

 

Ο θώδηθαο ηνπ TELEMAC-2D επηιύεη ην αθόινπζν ζύζηεκα δηαθνξηθώλ εμηζώζεσλ: 
  

  
                  Δμίζσζε ζπλέρεηαο (3.1) 

  

  
         

  

  
    

 

 
           Δμίζσζε δηαηήξεζεο νξκήο θαηά x (3.2) 

  

  
         

  

  
    

 

 
           Δμίζσζε δηαηήξεζεο νξκήο θαηά y (3.3) 

  

  
          

 

 
           Δμίζσζε δηαηήξεζεο ηρλνζεηώλ (3.4) 

όπνπ: 

 h (m) ην βάζνο ξνήο 

 u, v (m/s) νη ζπληζηώζεο ηεο ηαρύηεηαο 

 t (m/l or oC) παζεηηθόο ηρλνζέηεο 

 g (m/s2) επηηάρπλζε ηεο βαξύηεηαο 
   ,    (m

2/s) ζηαζεξέο νξκήο θαη ηρλνζέηε 

 Z (m) ζηάζκε ειεύζεξεο επηθάλεηαο 

 t (s) ρξόλνο 

 x, y (m) νξηδόληηεο ζπληεηαγκέλεο 
     (m/s) πεγή ηνπ πγξνύ 

    (m/s) πεγή ηνπ ηρλεζέηε 

 H, u and T είλαη νη άγλσζηνη 

 

΢ε πξνζνκνηώζεηο αξγά εμειηζζόκελσλ θαηλνκέλσλ, όπσο ε παξάθηηα δηάβξσζε, ην 

κνξθνινγηθό κνληέιν δελ είλαη ζπδεπγκέλν κε ην πδξνδπλακηθό, ζε αληίζεζε κε ηα 

πιεκκπξηθά θαηλόκελα, πνπ ε δηάβξσζε γίλεηαη ηαπηόρξνλα κε ηελ πξνώζεζε ησλ 

γξήγνξσλ επηθαλεηαθώλ ξνώλ. Άξρηθά γίλεηαη ν ππνινγηζκόο ηεο ζηεξενπαξνρήο θαη ζηε 

ζπλέρεηα ην SISYPHE επηιύεη ηελ εμίζσζε Exner γηα ηελ εμέιημε ηνπ ππζκέλα: 

 

     
   
  
 
       

  
 
       

  
 
       

  
         (3.5) 

όπνπ:  

 Zb ε ζηάζκε ππζκέλα 

 p ην πνξώδεο ηνπ ππζκέλα 

 cb ε ζπγθέληξσζε ζε ίδεκα ηεο ζηξώζεο ηδήκαηνο ζε ζύξζε 
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4. Προςομοιώςεισ των πειραμάτων Yen & Lee (1995) 
Σα πεηξάκαηα ησλ Yen θαη Lee (1995) είλαη από ηα πην γλσζηά πεηξάκαηα 

ζηεξενκεηαθνξάο θαη εμέιημεο ππζκέλα θαη κνληέια ηνπο πξνζνκνηώζεθαλ, ζηα πιαίζηα 

ηεο δηπισκαηηθήο εξγαζίαο, γηαηί παξνπζηάδνπλ ηα αθόινπζα ραξαθηεξηζηηθά: 

1. Κεθιηκέλν θαλάιη κε θακπύιν ηκήκα θαη αινπβηαθέο απνζέζεηο ζηνλ ππζκέλα. 

2. Μεηαβαιιόκελε ξνή. 

3. Ίδεκα κε ζπγθεθξηκέλε θνθθνκεηξηθή δηαβάζκηζε (κε νκνηόκνξθν). 

 

Σα ραξαθηεξηζηηθά πνπ επηιέρζεθαλ πξνζνκνηάδνπλ εθείλα ησλ ΞΠ. Οη κεραληζκνί πνπ 

ζρεηίδνληαη κε ηε ζηεξενκεηαθνξά θαη ηελ εμέιημε ππζκέλα είλαη ζηελ πξαγκαηηθόηεηα 

πνιύ πην ζύλζεηνη από απηνύο ζε επζύγξακκα θαλάιηα, ιόγσ ηεο εγθάξζηαο ζπληζηώζαο 

ηεο ξνήο ζε ζηξνθέο θαη θαη’ επέθηαζε ηεο εγθάξζηαο ζηεξενκεηαθνξάο. 

 

Η πεηξακαηηθή δηάηαμε απνηειείηαη από έλα θαλάιη πιάηνπο 1m, κε επζύγξακκα ηκήκαηα 

κήθνπο 11.5m αλάληε θαη θαηάληε ηνπ εκηθπθιίνπ κε αθηίλα 4.5m. Η θαηά κήθνο θιίζε 

είλαη 0.2% θαη ε εγθάξζηα 0 ζηελ αξρηθή θάζε. Ο ππζκέλαο είλαη ζηξσκκέλνο κε 20cm 

ηδήκαηνο κέζεο δηακέηξνπ θόθθσλ 1mm θαη ηππηθήο απόθιηζεο 2.5. Καηά ηε δηάξθεηα ηνπ 

πεηξάκαηνο ην θαλάιη δελ εθνδηάδεηαη κε επηπιένλ ίδεκα από ηε δηαηνκή εηζόδνπ. Αξρηθά ε 

παξνρή θαη ην βάζνο ξνήο εηζόδνπ είλαη ζηαζεξά, 0.02m3/s θαη 5.44 cm αληίζηνηρα θαη 

ζηε ζπλέρεηα απηά απμάλνληαη γξακκηθά, κε ηελ εθαξκνγή ελόο πδξνγξαθήκαηνο ζηε 

δηαηνκή εηζόδνπ, ελώ έπεηηα κεηώλνληαη μαλά κέρξη λα θηάζνπλ ηηο αξρηθέο ηηκέο. Σα 

ραξαθηεξηζηηθά ησλ 5 πεηξακάησλ πνπ δηελεξγήζεθαλ από ηνπο Yen θαη Lee (1995) 

παξνπζηάδνληαη ζηνλ παξαθάησ πίλαθα. Η αδηαζηαηνπνηεκέλε, κε ην αξρηθό βάζνο ξνήο, 

κεηαβνιή ηνπ ππζκέλα κεηξήζεθε θαη παξνπζηάζηεθαλ ηα απνηειέζκαηα ζηηο δηαηνκέο 

κέγηζηεο δηάβξσζεο θαη απόζεζεο (Πίλαθαο 4 θαη Πίλαθαο 5). 

 

Πίνακας 3. Υαξαθηεξηζηηθά ησλ 5 πεηξακάησλ ησλ Yen θαη Lee (1995). 

Run Qp (m
3/s) hp (m) Td (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 

 

Πίνακας 4. Αδηαζηαηνπνηεκέλε κεηαβνιή ππζκέλα ζηε ζέζε κέγηζηεο επίρσζεο. 

Run Section 
r/rc 

0.900 0.913 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.088 1.100 

1 75o 1.13 1.03 0.99 0.86 0.75 0.55 0.30 -0.50 -1.25 -1.47 -1.54 

2 75o 0.92 0.81 0.70 0.57 0.35 0.03 -0.11 -0.33 -0.79 -0.88 -1.00 

3 75o 0.88 0.81 0.74 0.53 0.30 -0.06 -0.18 -0.24 -0.47 -0.57 -0.65 

4 90o 0.81 0.74 0.65 0.33 0.17 -0.07 -0.11 -0.29 -0.33 -0.44 -0.58 

5 90o 0.75 0.72 0.63 0.29 -0.02 -0.07 -0.07 -0.13 -0.42 -0.42 -0.40 

 

Πίνακας 5. Αδηαζηαηνπνηεκέλε κεηαβνιή ππζκέλα ζηε ζέζε κέγηζηεο δηάβξσζεο. 

Run 
r/rc 

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 

 

Υξεζηκνπνηήζεθαλ δηάθνξα κνληέια γηα ηηο πξνζνκνηώζεηο ησλ πεηξακάησλ ησλ Yen & 

Lee (1995). Αμηνπνηήζεθαλ όιεο νη δηαζέζηκεο από ην ινγηζκηθό εμηζώζεηο 

ζηεξενκεηαθνξάο θαη πξνζηέζεθαλ 7 αθόκα, ζε γιώζζα FORTRAN. Αξρηθά δνκήζεθαλ 12 

κνληέια κε ηζάξηζκεο εμηζώζεηο ζηεξενκεηαθνξάο θαη κε απηά πξνζνκνηώζεθε ην πείξακα 

4 (Run-4) κε ίδεκα νκνηόκνξθεο θνθθνκεηξίαο. Σα 6 από απηά πνπ έδσζαλ ηα θαιύηεξα 

απνηειέζκαηα ρξεζηκνπνηήζεθαλ γηα ηηο πξνζνκνηώζεηο θαη ησλ 5 πεηξακάησλ κε κε 

νκνηόκνξθν ίδεκα. 
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Έλα ζεκαληηθό θνκκάηη ησλ πξνζνκνηώζεσλ απηώλ ησλ κνληέισλ ήηαλ ην θαιηκπξάξηζκά 

ηνπο, νύησο ώζηε λα ιακβάλεηαη ππόςε ε εγθάξζηα ζπληζηώζα ηεο ηαρύηεηαο θαη ε 

εγθάξζηα ζηεξενκεηαθνξά. Σα 2Γ κνληέια πζηεξνύλ ζε απηό ην ζεκείν γηαηη ζεσξνύλ 

κέζεο θαζ’ ύςνο ηηκέο ησλ κεγεζώλ. Γη’ απηό ηνλ ιόγν γίλεηαη δηόξζσζε, ηόζν σο πξνο ηε 

δηεύζπλζε ηεο ζηεξενκεηαθνξάο, όζν θαη σο πξνο ηνλ ξπζκό ηεο. Δπηιέρζεθε ε 

πξνζέγγηζε Talmon et al. γηα ηε δηεύζπλζε ηεο ζηεξενκεηαθνξάο θαη εθείλε ησλ Koch & 

Flokstra γηα ηνλ ξπζκό ηεο. Η παξάκεηξνο Α ηεο δεπηεξεύνπζαο ξνήο ζην πδξνδπλακηθό 

κνληέιν επηιέρζεθε 12 θαη ε παξάκεηξνο β2 γηα ηε δηόξζσζε ηεο δηεύζπλζεο 

ζηεξενκεηαθνξάο επηιέρζεθε 1.6 (A. Mendoza et al., 2017). Σα απνηειέζκαηα κε απηέο 

ηηο παξακέηξνπο ήηαλ ελζαξπληηθά θαη γηα ην 4ν πείξακα ζπγθεθξηκέλα θαιή εθηίκεζε 

έδσζε ην κνληέιν κε ηελ εμίζσζε ζηεξενκεηαθνξάο Van Rijn (1989). ΢ηελ Δηθόλα 2 ηα 

απνηειέζκαηα ζπγθξίλνληαη κε εθείλα πξνζνκνίσζεο κε νκνηόκνξθν ίδεκα 1mm (Villaret 

et al., 2013), ηε κέζνδν ηνπ Engelund (1974) γηα ηελ επίδξαζε ηεο δεπηεξεύνπζαο ξνήο 

θαη ηελ εμίζσζε ζηεξενκεηαθνξάο ησλ Meyer-Peter & Mueller. 

 

  
Εικόνα 2. ΢ύγθξηζε ησλ απνηειεζκάησλ κνληέινπ κε εμίζσζε Van Rijn (1989) θαη 

κνληέινπ κε εμίζσζε Meyer-Peter & Mueller (Villaret et al., 2013) ζηηο ζέζεηο κέγηζηεο 

απόζεζεο (αξηζηεξά) θαη κέγηζηεο δηάβξσζεο (δεμηά) κε ηα πεηξακαηηθά δεδνκέλα. 

 

Η δηεξεύλεζε αθνξνύζε ηηο δηαζέζηκεο από ην ινγηζκηθό εμηζώζεηο ζηεξενκεηαθνξάο: 

Meyer-Peter & Mueller, Einstein-Brown, Hunziker, Engelund-Hansen θαη Engelund-Hansen 

& Chollet-Cunge. ΢ε απηέο πξνζηέζεθαλ νη: Cheng, Karim-Kennedy, Ackers-White, 

Frijlink, Yag Lim, Nielsen θαη Reid. Η Engelund-Hansen & Chollet-Cunge έδσζε ηα 

θαιύηεξα απνηειέζκαηα ζηηο πξνζνκνηώζεηο κε νκνηόκνξν ίδεκα. Αληίζεηα ζηηο 

πξνζνκνηώζεηο κε κε νκνηόκνξθν ίδεκα θαιά απνηειέζκαηα έδσζαλ νη Meyer-Peter & 

Mueller, Van Rijn, Cheng, θαη Reid. Σα απνηειέζκαηα ησλ δύν ηειεπηαίσλ παξνπζηάδνληαη 

ζηελ Δηθόλα 3. 

 

  
Εικόνα 3. Οη ηζνϋςείο ησλ απνηειεζκάησλ κεηαβνιήο ύςνπο ππζκέλα από ηα κνληέια 

ησλ εμηζώζεσλ Cheng θαη Reid ζε ζρέζε κε ηα πεηξακαηηθά δεδνκέλα γηα ην Πείξακα-1. 
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5. Φαρακτηριςτικά τησ πλημμύρασ τησ Μάνδρασ 
Η πόιε ηεο Μάλδξαο βξίζθεηαη ζην Θξηάζεην Πεδίν, ζηε Γπηηθή Αηηηθή θαη πεξηβάιιεηαη 

από ηελ Πάξλεζα ζην βνξξά, ην όξνο Αηγάιεσ αλαηνιηθά, ην όξνο Παηέξαο δπηηθά θαη ηελ 

παξαιία ηεο Διεπζίλαο ζην λόην. Απνηειεί ηελ έδξα ηνπ δήκνπ Μάλδξαο-Δηδπιιίαο, κε 

επηθάλεηα 426197 km2 θαη 17885 κόληκνπο θαηνίθνπο ζύκθσλα κε ηελ ηειεπηαία 

απνγξαθή (Διιεληθή ΢ηαηηζηηθή Αξρή, 2011). Βξίζθεηαη ζε ιεθάλε απνξξνήο έθηαζεο 

πεξίπνπ 75 km2, ηελ νπνία δηαηξέρνπλ δηάθνξα ξέκαηα, ηα νπνία ζπγθιίλνπλ ζηα 2 θύξηα, 

ην ΢νύξεο θαη ηελ Αγία Αηθαηεξίλε, κε ιεθάλεο απνξξνήο 23 θαη 22km2 αληίζηνηρα. Η 

θνίηε ησλ ξεκάησλ έρεη ππνζηεί εθηεηακέλεο κνξθνινγηθέο αιινηώζεηο ηηο ηειεπηαίεο 

δεθαεηίεο, κε ζπλέπεηα ηε κείσζε ηεο παξνρεηεπηηθόηεηάο ηνπο. 

 

Η ζπρλόηεηα εκθάληζεο πιεκκπξηθώλ θαηλνκέλσλ ζηελ πεξηνρή ηεο Μάλδξαο θαη ε 

αλάγθε κεηξηαζκνύ ησλ επηπηώζεώλ ηνπο ζηε ηνπηθή θνηλσλία, νδήγεζαλ ζηελ εθπόλεζε 

ηεο ηειηθήο κειέηεο ησλ έξγσλ αληηπιεκκπξηθήο πξνζηαζίαο ηνλ Ινύιην ηνπ 2012. Οη 

πεξηβαιινληηθνί όξνη ηεο κειέηεο εγθξίζεθαλ 2 ρξόληα αξγόηεξα, ηνλ Ινύιην ηνπ 2014 θαη 

νη θνίηεο ησλ ξεκάησλ νξηνζεηήζεθαλ ηνλ Ιαλνπάξην ηνπ 2016. Σα έξγα απηά 

απνηεινύληαη από: 

1. ηε δηεπζέηεζε ηνπ ξέκαηνο ΢νύξεο (κήθνο 1.74 km, παξνρή ζρεδηαζκνύ 91-125 

m3/s θαη δηαηνκή 24.0-34.4 m2)  

2. ηε κεξηθή εθηξνπή ηνπ ξ. Αγίαο Αηθαηεξίλεο πξνο ην ξ. ΢νύξεο (κήθνο 1.52 km, 

παξνρή ζρεδηαζκνύ 47 m3/s θαη δηαηνκή 12.5-24.0 m2). Καηάληε ηεο εθηξνπήο, ε 

Αγία Αηθαηεξίλε κεηά από έλα ππνγεηνπνηεκέλν ηκήκα (κήθνο 2.27 km, παξνρή 10 

m3/s θαη δηαηνκή 3.4 m2) εθβάιεη ζην ξ. ΢νύξεο. Σν ξ. ΢νπξεο δηέξρεηαη από ην 

ππάξρνλ δηεπζεηεκέλν ηκήκα ηνπ κε δίδπκν θαλάιη (4.0X3.0 m2). 

 

Η βξνρόπησζε πνπ πξνμέλεζε ηελ ΞΠ ηεο 15εο Ννεκβξίνπ 2017 μεθίλεζε από ην 

απόγεπκα ηεο 14εο θαη θνξπθώζεθε ηηο πξώηεο πξσηλέο ώξεο. Αξρηθά ήηαλ ήπηαο έληαζεο, 

σζηόζν θαηά ηε δηάξθεηα ηεο λύρηαο εθδειώζεθαλ θαηαηγίδεο βόξεηα ηεο Μάλδξαο θαη ηεο 

Νέαο Πεξάκνπ, πνπ δηήξθεζαλ πεξίπνπ 8 h. Η βξνρόπησζε μεπέξαζε ηα 200 mm κέζα ζε 

6 h, ην κεγαιύηεξν κέξνο ηεο νπνίαο κεηαμύ 5:00 θαη 8:00, ζύκθσλα κε ην Δζληθό 

Αζηεξνζθνπείν Αζελώλ. Οη παξνρέο εθηηκήζεθε όηη αληηζηνηρνύλ ζε βξνρόπησζε κε 

πεξίνδν επαλαθνξάο 50 ρξόλσλ. Έλα από ηα ραξαθηεξηζηηθά ηνπ θαηλνκέλνπ είλαη ε 

έληνλε ζηεξενκεηαθνξά πνπ παξαηεξήζεθε, ιόγσ ηεο δηάβξσζεο ησλ αιινπβηαθώλ 

απνζέζεσλ πνπ είραλ ζπζζσξεπηεί ζην ηκήκα ηεο ιεθάλεο απνξξνήο αλάληε ηεο Μάλδξαο 

(E. Lekkas et al., 2017). Οη δπζκελείο επηπηώζεηο ηεο πιεκκύξαο νθείινληαη εθηόο από ηε 

δξηκύηεηα ησλ θαηξηθώλ θαηλνκέλσλ θαη ζηελ κεγέζπλζε ηεο πόιεο ηεο Μάλδξαο, ε νπνία 

αλαπηύρζεθε θάζεηα ζηε δηεύζπλζε ησλ ξεκάησλ.Η πεξηνρή έρεη πιεγεί από πιεκκπξηθά 

θαηλόκελα κηθξόηεξεο θιίκαθαο αξθεηέο θνξέο, κε πην πξόζθαηε εθείλε ηνπ Ινπλίνπ ηνπ 

2018. ΢ύκθσλα κε ηνπο θαηνίθνπο, νη πιεκκπξηθέο ξνέο ηεο κεγάιεο πιεκκύξαο ηνπ 

Ννέκβξε ηνπ 2017 έθηαζαλ ζηα όξηα ηεο πόιεο, κε έληνλε ηελ παξνπζία θεξηώλ, γύξσ 

ζηηο 6:00 π.κ.. 

 

Η νκάδα πνπ αζρνιήζεθε κε ηε κειέηε ηεο πιεκκύξαο ηεο Μαλδξαο, απνηεινύκελε από 

πξνπηπρηαθνύο θαη κεηαπηπρηαθνύο θνηηεηέο ηεο ΢.Π.Μ. Δ.Μ.Π., επηζθέθηεθε 4 θνξέο ηελ 

πεξηνρή, ην θζηλόπσξν ηνπ 2018. Οη πξώηεο 2 επηζθέςεηο έγηλαλ γηα ηε ζπιινγή 

πιεξνθνξηώλ απαξαίηεησλ γηα ην ΜΜ πνπ ρξεζηκνπνηήζεθε γηα ηηο πξνζνκνηώζεηο. Πην 

ζπγθεθξηκέλα κεηξήζεθαλ ηα πιάηε ησλ θνηηώλ, νη δηαζηάζεηο ησλ νρεηώλ, αιιά θαη νη 

κέγηζηεο ζηάζκεο ησλ πιεκκπξηθώλ ξνώλ. Οη ηειεπηαίεο ρξεζηκνπνηήζεθαλ γηα ηελ 

επηβεβαίσζε ησλ απνηειεζκάησλ ηνπ πδξνδπλακηθνύ κνληέινπ θαη ε κέηξεζή ηνπο ήηαλ 

εθηθηή κήλεο κεηά ηελ πιεκκύξα ιόγσ ηεο ύπαξμεο ιεπηόθνθθνπ ηδήκαηνο πνπ άθεζε 

ίρλε ζηνπο ηνίρνπο ηεο πόιεο. Οη 2 ηειεπηαίεο επηζθέςεηο έγηλαλ γηα ηελ δηαλνκή θαη 

ζπιινγή εξσηεκαηνινγίσλ, ζρεηηθώλ κε ην ζρεδηαζκό ελόο ΢πζηήκαηνο Έγθαηξεο 

Πξνεηδνπνίεζεο ζηελ πεξηνρή. 
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6. Σο ΜΜ τησ πλημμύρασ τησ Μάνδρασ 
Σν ππνινγηζηηθό πιέγκα πνπ ρξεζηκνπνηήζεθε γηα ην κνληέιν ηεο Μάλδξαο απνηειείηαη 

από 85753 ζεκεία θαη 167051 ηξηγσληθά ζηνηρεία. Παξάρζεθε κέζσ ηνπ ινγηζκηθνύ Blue 

Kenue. Σν Blue Kenue δηαζέηεη 2 επηινγέο γηα ππνινγηζηηθά πιέγκαηα: ην T3 Mesh 

Generator θαη ην T3 Channel Mesher. Σν ηειεπηαίν ρξεζηκνπνηήζεθε γηα ηελ παξαγσγή 

ησλ ππνινγηζηηθώλ πιεγκάησλ ησλ 2 ξεκάησλ, ηα νπνία ζηε ζπλέρεηα ελνπνηήζεθαλ κε ην 

εμσηεξηθό πιέγκα, κέζσ ηνπ T3 Mesh Generator. ΢ηε ζπλέρεηα, έγηλε ελζσκάησζε ελόο 

αξρείνπ πςνκέηξσλ ζην ππνινγηζηηθό πιέγκα, θαζώο θαη έλόο αξρείνπ επηθαλεηαθήο 

ηξαρύηεηαο πνπ βαζίζηεθε ζε ράξηεο θάιπςεο γεο (Corine Land Cover). ΢ην κνληέιν 

έγηλε θαη εηζαγσγή αξρείνπ κε ηα ηερληθά έξγα πνπ ζρεηίδνληαη κε ηελ παξνρεύηεπζε ησλ 

πιεκκπξηθώλ ξνώλ. 

 

Σν ππνινγηζηηθό πιέγκα ηνπ ΜΜ πεξηιακβάλεη 4 αλνηρηά όξηα. Σα 2 είλαη όξηα εηζόδνπ θαη 

βξίζθνληαη ζην αλώηαξν άθξν ηνπ ξ. ΢νύξεο θαη ηνπ ξ. Αγία Αηθαηεξίλε. Σα 2 όξηα εμόδνπ 

βξίζθνληαη ζηελ εθβνιή ηνπ ξ. ΢νύξεο ζην ξ. ΢αξαληαπόηακνο θαη ζην ξ. Μηθξό Καηεξίλη 

αλάληε ηεο πόιεο ηεο Διεπζίλαο. Σα πδξνγξαθήκαηα πνπ ρξεζηκνπνηήζεθαλ ζηηο δηαηνκέο 

εηζόδνπ είλαη ηνπ Tsakiris (2017)  

 

Σν νινθιεξσκέλν κνληέιν πνπ ρξεζηκνπνηήζεθε γηα ηε πξνζνκνίσζε ηεο πιεκκύξαο ηεο 

Μάλδξαο βαζίδεηαη ζε 2Γ πδξνδπλακηθό κνληέιν, πιήξσο ζπδεπγκέλν κε ην 

γεσκνξθνινγηθό/κνληέιν ζηεξενκεηαθνξάο. Σν ηειεπηαίν ρξεζηκνπνηεί ηελ εμίζσζε 

ζηεξενκεηαθνξάο ησλ Engelund-Hansen & Chollet-Cunge θαη έπεηηα ππνινγίδεη ηελ 

εμέιημε ηεο κνξθνινγίαο ηνπ ππζκέλα κε ηελ εμίζσζε Exner. 

 

Γηα ην γεσκνξθνινγηθό/κνληέιν ζηεξενκεηαθνξάο ρξεζηκνπνηήζεθε αξρείν ζην νπνίν 

νξίζηεθαλ νη κε δηαβξώζηκεο πεξηνρέο. ΢ε απηό πεξηιακβάλνληαη επίζεο ηα αξρεία ηεο 

γεσκεηξίαο θαη ηεο επηθαλεηαθήο ηξαρύηεηαο. Οξίζηεθαλ 2 κε δηαβξώζηκεο πεξηνρέο. Η 

πξώηε απνηειεί ηελ επηθάλεηα πνπ θαιύπηεη ε πόιε ηεο Μάλδξαο, ελώ ε άιιε ηελ έθηαζε 

πνπ θαηαιακβάλεη ε βηνκεραληθή πεξηνρή (Δηθόλα 4). Πξνζηέζεθαλ θαη 2 κηθξέο κε 

δηαβξώζηκεο πεξηνρέο ζηα αλνηρηά όξηα εηζόδνπ γηα ησλ πεξηνξηζκό ησλ αλεμέιεθησλ 

δηαβξώζεσλ πνπ πξνθαινύζαλ νη κεγάιεο ηαρύηεηεο ιόγσ ππνινγηζηηθώλ αζηάζεηώλ ζε 

εθείλεο ηηο πεξηνρέο. 

 

 
Εικόνα 4. Οη κε δηαβξώζηκεο πεξηνρέο ζην ππνινγηζηηθό πιέγκα ηνπ ΜΜ ηεο Μάλδξαο. 
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7. Αποτελέςματα και ςχολιαςμόσ 
Μειεηήζεθε ε επίδξαζε ησλ πιεκκπξηθώλ ξνώλ ζηε γεσκνξθνινγηθή αιινίσζε ηεο 

θνίηεο πνηακώλ. Υξεζηκνπνηήζεθε ε πιαηθόξκα ινγηζκηθνύ TELEMAC-MASCARET (Galand 

et al., 1991; Hervouet and Van Haren, 1996) γηα έλα πιήξσο ζπδεπγκέλν κνληέιν 

TELEMAC-2D/SISYPHE γηα ηε κειέηε ηεο πιεκκύξαο ηεο Μάλδξαο. Σν κνληέιν, πνπ 

βξίζθεηαη ζε πξνθαηαξθηηθό ζηάδην, ρξεζηκνπνηεί ηελ εμίζσζε ζηεξενκεηαθνξάο ησλ 

Engeland-Hansen & Chollet-Cunge. Η ηειεπηαία έδσζε θαιά απνηειέζκαηα ζηελ 

πξνζνκνίσζε ηνπ πεηξάκαηνο ησλ Yen & Lee (1995) γηα νκνηόκνξθν ίδεκα. Γηα ηελ 

πξνζνκνίσζε ηεο ζηεξενκεηαθνξάο θαη ηεο γεσκνξθνινγηθήο αιινίσζεο 

ρξεζηκνπνηήζεθε νκνηόκνξθν ίδεκα πνπ βξίζθεηαη ζην όξην κεηαμύ ιεπηήο άκκνπ θαη 

ηιύνο (0.63mm), ιόγσ έιιεηςεο ηδεκαηνινγηθώλ δεδνκέλσλ. H πξνζέγγηζε ησλ A. 

Mendoza et al. (2017) δελ αθνινπζήζεθε γηαηί δελ παξαηεξήζεθε έληνλε επίδξαζε ηεο 

δεπηεξεύνπζαο ξνήο. Σα απνηειέζκαηα ηεο πξνζνκνίσζεο ήηαλ ηα αθόινπζα: 

1. ΢ην αλάληε ηκήκα ηνπ ξ. ΢νύξεο παξνπζηάζηεθε έληνλε κνξθνινγηθή αιινίσζε 

πνπ έθηαζε ηα 2 m δηάβξσζε θαη ην 1.5 m επίρσζε. Οη ηηκέο απηέο εκθαλίζηεθαλ 

ζε πεξηνξηζκέλε επηθάλεηα πεξίπνπ 4.5 h από ηελ έλαξμε ηεο πξνζνκνίσζεο. 

2. ΢ην αλάληε ηκήκα ηνπ ξ. Αγία Αηθαηεξίλε ε γεσκνξθνινγηθή αιινίσζε ήηαλ 

ιηγόηεξν έληνλε ιόγσ ηεο κηθξόηεξεο θιίζεο ππζκέλα. Οη κέγηζηεο ηηκέο πνπ 

πξνέθπςαλ ήηαλ 1.2 m θαη 1 m γηα ηε δηάβξσζε θαη ηελ επίρσζε αληίζηνηρα. Οη 

αθξαίεο ηηκέο εκθαλίζηεθαλ πεξίπνπ 5 h από ηελ έλαξμε ηεο πξνζνκνίσζεο θαη 

ήηαλ ζε πεξηνξηζκέλε επηθάλεηα. 

3. ΢ην ξ. ΢νύξεο παξνπζηάζηεθε δηάβξσζε ζηηο όρζεο θαη επίρσζε ζην κέζν ησλ 

δηαηνκώλ. Σν θαηλόκελν απηό ήηαλ ιηγόηεξν έληνλν ζην ξ. Αγία Αηθαηεξίλε. 

4. Παξαηεξήζεθε ρξνληθή πζηέξεζε κεηαμύ ηεο εκθάληζεο ησλ κέγηζησλ ηαρπηήησλ 

θαη ηεο κέγηζηεο δηάβξσζεο πνπ έθηαζε ηελ 1h. 

5. Σα απνηειέζκαηα ηνπ κνληέινπ γηα ηελ επηθάλεηα ηεο πιεκκύξαο είλαη κηα θαιή 

πξνζέγγηζε ηεο αληίζηνηρεο επηθάλεηαο πνπ κεηξήζεθε. 

6. Η επίδξαζε ησλ γεσκνξθνινγηθώλ αιινηώζεσλ ζηελ έθηαζε ηεο πιεκκύξαο ηεο 

Μάλδξαο δελ ήηαλ ζεκαληηθή. 

 

8. ΢υμπεράςματα και προτάςεισ 

Σα απνηειέζκαηα ηνπ κνληέινπ ηεο Μάλδξαο ζεσξήζεθαλ ινγηθά. Ωζηόζν, ην κνληέιν 

βξίζθεηαη αθόκα ζε πξνθαηαξθηηθό ζηάδην θαη ηα απνηειέζκαηά ηνπ πξέπεη λα 

επηβεβαησζνύλ κε ζρεηηθέο κεηξήζεηο πεδίνπ. Μεξηθέο πξνηάζεηο γηα ηε βειηίσζε ησλ 

καζεκαηηθώλ πξνζνκνηώζεσλ ηεο πιεκκύξαο ηεο Μάλδξαο είλαη νη εμήο: 

1. Η πεξαηηέξσ δηεξεύλεζε ηεο επίδξαζεο ησλ γεσκνξθνινγηθώλ αιινηώζεσλ ζηηο 

πιεκκπξηθέο ξνέο. Πην ζπγθεθξηκέλα πξνηείλεηαη ε εμαγσγή ρξνλνζεηξώλ γηα ηα 

βάζε ξνήο ηνπ πδξνδπλακηθνύ θαη ηνπ νινθιεξσκέλνπ κνληέινπ ζε δηαηνκέο ησλ 

ξεκάησλ θαη ε κεηαμύ ηνπο ζύγθξηζε. 

2. Οη πιεκκπξηθέο ξνέο πνπ εκθαλίζηεθαλ ζηελ πεξίπησζε ηεο Μάλδξαο 

ραξαθηεξίζηεθαλ από ηε κεηαθνξά θαη απόζεζε αδξνκεξώλ πιηθώλ, θάηη πνπ δελ 

κπνξεί λα πξνζνκνησζεί κε ην TELEMAC-MASCARET. Γη’απηό ην ιόγν πξνηείλεηαη 

θαη ε πξνζνκνίσζε ελόο άιινπ κνληέινπ πνπ ζα ιακβάλεη ην θαηλόκελν απηό 

ππόςε ηνπ. 

3. Πξνηείλεηαη ε πξνζνκνίσζε κε κε νκνηόκνξθν ίδεκα, όηαλ ππάξμεη πξόζβαζε ζε 

ηδεκαηνινγηθά δεδνκέλα. ΢ε απηή ηε πεξίπησζε ζπληζηάηαη ε ρξήζε κνληέινπ κε 

ηελ εμίζσζε ηνπ Van Rijn (1989), ε νπνία έδσζε ηα θαιύηεξα απνηειέζκαηα ζηελ 

πξνζνκνίσζε ηνπ πεηξάκαηνο ησλ Yen & Lee (1995) κε κε νκνηόκνξθν ίδεκα. 

4. Πξνηείλεηαη ε δηεξεύλεζε ζελαξίνπ κε ζπλεθηηθό θαη κε ζπλεθηηθό ίδεκα γηα λα 

κειεηεζεί θαη ε ζπλεηζθνξά ηνπ ηδήκαηνο ζε αηώξεζε. 

5. Πξνηείλεηαη ηέινο ε επέθηαζε ηνπ ππνινγηζηηθνύ πεδίνπ πξνο ηα αλάληε γηα λα 

ζπκπεξηιεθζεί θαη ην ηκήκα ζην νπνίν παξαηεξήζεθαλ ηα πην έληνλα θαηλόκελα 

δηάβξσζεο θαη ζηεξενκεηαθνξάο (πεξηνρή Καληίλεο). ΢ε απηή ηελ πεξίπησζε 

ζπληζηάηαη ν δηαρσξηζκόο ηνπ ππνινγηζηηθνύ πεδίνπ ζε κηθξόηεξεο πεξηνρέο κε 

δηαθνξεηηθή θνθθνκεηξηθή ζύλζεζε, αλάινγα κε ηα γεσινγηθά δεδνκέλα. 
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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. Σhe 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). 
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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. 

 

 
Figure 1.1. Total rainfall on 16/11/17 in Mandra (https://earthobservatory.nasa.gov). 
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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?”. 

 

Figure 1.2. Intense runoff flow during the Mandra FF with apparent the stream bed 

erosion and the sediment/debris transport (source: https://edition.cnn.com). 

https://edition.cnn.com/
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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. 
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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: 

 
     

  
 
      

  
 
      

  
   (2.1) 

      

  
 
 

  
      

 

 
     

       

  
   (2.2) 

      

  
 
       

  
 
 

  
       

 

 
        (2.3) 

 

where:  ε is 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 ξ is the fluid density. 

 

 
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 ε and the altitude h. 
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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: 

 
  

  
 
         

  
 
         

  
   (2.4) 

  

  
  

  

  
  

  

  
      

  

  
      

   

   
 
   

   
  (2.5) 

  

  
  

  

  
  

  

  
      

  

  
      

   

   
 
   

   
  (2.6) 

 
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 λ 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: 

 
  

  
  (

  

  
 
  

  
)    (2.7) 

  

  
      

  

  
    (2.8) 

  

  
      

  

  
    (2.9) 

 

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. 
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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   is the sediment 

density,   is the water density, g is the gravitational acceleration, D50 the sediment size 

that 50% is finer, ηb is the bottom shear stress and λ the kinematic viscosity. 

 

Table 2.1. General parameters for sediment transport in riverine environments. 

General parameters 

Relative dencity   
     
  

 

Dimentionless grain 

size 
    

  

 
        

Critical Shields 

parameter 

Shields curve 

approximation –  

Van Rijn (1993) 

ζcr=

{
 
 

 
 

               

                   

                     

                        
            

 

Soulsby (1997)     
   

       
                      

Skin friction μ=
  
 

  
, where       

 

     
   

  
 
  , k=0.40 (von Karman) 

Non cohesive sediment 

settling velocity 
Ws=

{
 
 

 
 

         
 

   
       

    

   

   
[√       

         
 

 
  ]             

    

   √                   
   

  

Soulsby (1997)    
 

   
                

            

Shields parameter   
  

           
 

Shear velocity    √
  
  

 

 

The sediment transport formulas predict the sediment transport rate Qb in m2/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: 

      
   

  
      

   

  
         (2.10) 

in which    is the vector of volumetric transport rate per unit width without pores, with 

components    ,     in the x and y direction respectively, zb is the bottom elevation and ι 

the bed porosity. 

 

The dimensionless current-induced sediment transport rate Φb is expressed by the 

equation: 

   
  

√        
 (2.11) 

 

which in many formulas is used to calculate the sediment transport rate. 
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Some of the widely used sediment transport formulas are presented below: 

 

 Asida-Michiue (1974) Bedload Transport Formula 

    √           
 (   

   

 
)
 

   √ 
   

 
 

 

, where: μ is the hiding factor and: 

α = 17.0 

m= 1.5 

p = 1.0 

q =1.0 

 

 Schoklich(1962) Bedload Transport Formula 

         
     √    

 , where J is the energy slope 

   √      is the scalar flowrate 

Qb={
          

   

 
 
 

                 
 

 

 Rottner (1959) Bed Load Transport Formula 

   √         
  

√     

         
        

   
 
                 

   
 
   

 
 Nielsen (1992) Bedload Transport Formula 

   √         
  (

    

           
      √

  

           
 

The formula is valid for: {
           

                    
 

 

 Meyer-Peter & Muller (1947) Bedload Transport Formula  

Φb={
          

           
            

 

αmpm=8.0 (default), 

     √         
  

 

 Van Rijn (1993) Bedload Transport Formula 

Φb={
          

       
     

     

   
             

 

     √         
  

 

 Cheng (2002) Bedload Transport Formula 

        
         

    

    
  

     √         
  

 

 Karim-Kennedy (1983) Total Sediment Transport Formula 

Qt=k1[
√     

√         
]2.97(

  

  
)1.47√         

 , in which k1=0.00139 

 

 Engelund-Hansen Total Sediment Transport Formula 

      √         
  √

  

           
   
 

   , where CF is the quadratic friction coefficient. 
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 Frijlink Bedload Formula 

The ripple factor is given by the equation   
       

   

   
 

       
   

 
 
, where H is the local depth. 

        
    (

                

   
), where B=5.0 (dimensionless coefficient). 

 

 Ackers-White (1973) Total Load Transport Formula 

Ackers and White advice the use of D35, thus the D50 should be substituted with D35. 

If 1≤D*≤60:

{
 
 

 
 

                 

  
    

√  
      

  
    

  
     

                            
      

 

If D*>60:  {

   
      
      
       

 

   
  
 

√         
 
√     

√       
   
   

 
     

   
      √ 

    

 
  

√     
  

, where Ggr={
          

  
   

 
    

 

 

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 (λ), 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 λ 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 
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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. 
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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 “AlongChannelInterval” 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. 

 

 
Figure 2.2. Types of visualization in Blue Kenue (source: www.nrc-cnrc.gc.cal). 

 

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

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

3. It also contains a state of the art sediment transport (SISYPHE) module that can 

be coupled with the hydrodynamic model (TELEMAC-2D). 

4. 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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3.1.1. TELEMAC-2D software 
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: 

 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 assigns 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: 
  

  
                  Continuity (3.1) 

  

  
         

  

  
    

 

 
           momentum along x (3.2) 

  

  
         

  

  
    

 

 
           momentum along y (3.3) 

  

  
          

 

 
           tracer conservation (3.4) 

in which: 

 h (m) depth of water 

 u, v (m/s) velocity components 

 t (m/l or oC) passive (non-buoyant) tracer 

 g (m/s2) gravity acceleration 

   ,    (m
2/s) momentum and tracer diffusion coefficients 

 Z (m) free surface elevation 

 t (s) time 

 x, y (m) horizontal space coordinates 
     (m/s) source or sink of fluid 

    (m/s) source or sink of tracer 

 H, u and T are the unknowns 

 

3.1.2. SISYPHE module 
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 SΙSYPHE, there are 2 sediment 

transport modes according to the transport mechanisms, the bed load and the suspended 

load: qt = qb + qs, where qb is the total sediment transport, qb 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: 

     
   
  
 
       

  
 
       

  
 
       

  
         (3.5) 

in which:  

 Zb the bed elevation  

 p the bed porosity 

 cb 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: nd 

= Vscref and ne = Vsceq respectively, where cref the reference concentration and Vs 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 (63κm in the Netherlands, 75κm in USA according to Winterwerp and Van 

Kesteren). Due to the cohesive properties of the fine particles macro-flocs larger than 

100κm 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: 

     
   

  
     =0 

(3.6) 

 
in which    is the vector of volumetric transport rate per unit width without pores, with 

components    ,     in the x and y direction respectively, zb is the bottom elevation and ι 

the bed porosity. The bedload transport vector can be decomposed into x and y direction 

components as: Qb = (Qbx, Qby) = (Qbcosα, Qbsinα) in which Qb is the bedload transport 

rate per unit width, computed as a function of the equilibrium sediment load closure and 

α is the angle between the sediment transport vector and the downstream. 

 

The dimensionless current-induced sediment transport rate Φb is expressed by: 

   
  

√        
 (3.7) 

in which s is the ratio ξs/ξ, ξs is the sediment density, ξ 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: 

 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: 
   

  
  
    

  
  
    

  
  
 

  
(   

  

  
)   

 

  
(   

  

  
)      

(3.8) 

 

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, εs is the turbulent diffusivity of the sediment, often related to the 

eddy viscosity εs = 
  
  ⁄ , with ζc the Schmidt number In SISYPHE, ζc =1.0. 

 

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

which is theoretically valid in uniform steady flow conditions: 

           
   

 

 

   
)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 α the reference elevation above 

the bed elevation. The distance α, 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: 
         (3.10) 
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(3.11) 

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

F-1={

 

     
                  

             
 (3.12) 

with B=Zref/h. 
 

By considering suspended sediment transport, the bed evolution is computed by: 

     
   

  
     (3.13) 

with ι the bed porosity, and zb the bed level. 
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The available formulas in SISYPHE for suspended sediment transport are presented 

below: 

 Zyserman and Fresdoe 

 Bijker 

 Van Rijn 

 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: 

      
   
  
   

     
  

 
     

  
   (3.14) 

where Qbxk, Qbyk (m2/s) are the components of transport rates of the kth size class of 
bedload; (     ⁄ )k (m/s) is the rate of change in the bed elevation due to size class k; 

and ι 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: 
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                   (3.14) 

where the subscript k indicates the sediment size class index; CZrefk and Ceqk are the 

actual and near-bed equilibrium concentrations of the kth size class of suspended load, 

respectively; and σsk (m/s) is the settling velocity of the kth 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 

 

 



20 

 
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 α 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: 

     
     

 
    

   
  

     
 
    

   
  

 (3.15) 

 

Above the term      ⁄  and      ⁄  represent respectively the transverse and longtitudinal 

slopes, Zb the bottom position and δ the angle between the sediment transport vector 

and the flow direction, modified by spiral flow. The sediment shape function f(ζ) is a 

function weight-shear stress or Shields parameter ζ. It can be computed according to: 

Koch and Flokstra:      
 

  
 (3.16) 

Talmon et al.:        
 

  √ 
 (3.17) 

where β2 is an empirical coefficient. The default value is β2=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: 

  
        

   
  
  

(3.18) 

where β 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: 

    

   
 
         √                     

    
 (3.19) 

where ζβcr is the critical Shields number for a sloping bed, ζcr is the critical Shields 

number for a flat, horizontal bed, θ is the angle of repose of the sediment, ρ is the angle 

with the horizontal, and ς is the angle between the flow and the bed slope directions. 
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4. Simulation of the benchmark case 

4.1. Description 

4.1.1. Selection of the benchmark case for the flash flood simulations 
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. 

 

4.1.2. The Yen and Lee (1995) experiments 
Five case studies were conducted in a laboratory 180o channel bend with rc=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 do=1.0mm and ζν=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 0.02m3/s which corresponds to the water depth of 5.44 cm, and 

the sand mass median diameter d50=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. 

 
Figure 4.1. Hydrographs of the 5 experiments. 
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Table 4.1. Characteristics of the 5 experiments (source: Yen & Lee, 1995). 

 

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 ΓZb/ho, 

where ΓZb the bed deformation and ho the initial water depth. 

 
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/rc, where r is the radial coordinate of the 

channel bend and rc the radius of curvature along the central line in bend. The maximum 

deposition (ΓZb/ho=1.13) occurred in the inner bank at section 75o for Run 1, which was 

the experiment during which the maximum scour also took place near the outer bank at 

section 165o. 

 

Contours of d/do 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/do occurred near the 90o 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. 

Run Qp (m
3/s) hp (m) Td (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 
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Table 4.2. Transverse variation at section of maximum deposition (Yen & Lee, 1995). 

Run Section 
r/rc 

0.900 0.913 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.088 1.100 

1 75o 1.13 1.03 0.99 0.86 0.75 0.55 0.30 -0.50 -1.25 -1.47 -1.54 

2 75o 0.92 0.81 0.70 0.57 0.35 0.03 -0.11 -0.33 -0.79 -0.88 -1.00 

3 75o 0.88 0.81 0.74 0.53 0.30 -0.06 -0.18 -0.24 -0.47 -0.57 -0.65 

4 90o 0.81 0.74 0.65 0.33 0.17 -0.07 -0.11 -0.29 -0.33 -0.44 -0.58 

5 90o 0.75 0.72 0.63 0.29 -0.02 -0.07 -0.07 -0.13 -0.42 -0.42 -0.40 

 

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

Run 
r/rc 

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 β2, can be calibrated by 

trial and error. A. Mendoza et al. (2016) suggested the values of 12 and 1.6 for A and β2 

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 β2 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. 



24 

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). 

 

 
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 α’=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-ε 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 α’=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 β2 parameter for direction correction 

was selected 0.85 and the friction angle of the sediment 35o. 

 

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. 

 

  
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. 



27 

  

  

  

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 (75o 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 (165o cross-section). 
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4.4.2. Run-2/non-uniform sediment simulations 

  

Figure 4.10. Filled contours of bed deformation for Cheng and Reid formulas compared 

to experimental data isolines. 

 

  
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 (75o 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 (180o cross-section). 
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4.4.3. Run-3/non-uniform sediment simulations 

  
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 (75o 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 (180o cross-section). 
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4.4.4. Run-4/non-uniform sediment simulations 

  
Figure 4.20. Filled contours of bed deformation for Cheng and Reid formulas compared 

to experimental data isolines. 

 

  
Figure 4.21. Filled contours of bed deformation for Meyer-Peter & Mueller and Einstein-

Brown formulas compared to experimental data isolines. 

 

  
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 (90o 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 (180o cross-section). 
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4.4.5. Run-5/non-uniform sediment simulations 

  
Figure 4.25. Filled contours of bed deformation for Cheng and Reid formulas compared 

to experimental data isolines. 

 

  
Figure 4.26. Filled contours of bed deformation for Meyer-Peter & Mueller and Einstein-

Brown formulas compared to experimental data isolines. 

 

  
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 (90o 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 (180o cross-section). 
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4.4.6. Run-4/ uniform sediment simulations 

  

Figure 4.30. Filled contours of bed deformation for Ackers-White and Nielsen formulas 

compared to experimental data isolines. 

 

  
Figure 4.31. Filled contours of bed deformation for Cheng and Engelund-Hansen & 

Chollet-Cunge formulas compared to experimental data isolines. 

 

  

Figure 4.32. Filled contours of bed deformation for Frijlink and Einstein-Brown formulas 

compared to experimental data isolines. 
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Figure 4.33. Filled contours of bed deformation for Engelund-Hansen and Meyer-Peter & 

Mueller formulas compared with experimental data isolines. 

 

  
Figure 4.34. Filled contours of bed deformation for Karim-Kennedy and Van Rijn 

formulas compared with experimental data isolines. 

 

  
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 (90o cross-section). 

-0.58

-0.38

-0.18

0.02

0.22

0.42

0.62

0.9 1 1.1

Δ
z/

h
o

 

r/rc 

Experiment
Karim-Kennedy
Cheng -0.58

-0.38

-0.18

0.02

0.22

0.42

0.62

0.9 1 1.1

Δ
z/

h
o

 

r/rc 

Experiment

Meyer-Peter & Muller

Einstein-Brown

-0.58

-0.38

-0.18

0.02

0.22

0.42

0.62

0.9 1 1.1

Δ
z/

h
o

 

r/rc 

Experiment
Engelund-Hansen
Engelund-Hansen & Chollet-Cunge

-0.58

-0.38

-0.18

0.02

0.22

0.42

0.62

0.9 1 1.1

Δ
z/

h
o

 

r/rc 

Experiment

Van Rijn

Ackers-White

-0.58

-0.38

-0.18

0.02

0.22

0.42

0.62

0.9 1 1.1

Δ
z/

h
o

 

r/rc 

Experiment

Frijlink

Yang Lim
-0.58

-0.38

-0.18

0.02

0.22

0.42

0.62

0.9 1 1.1

Δ
z/

h
o

 

r/rc 

Experiment

Nielsen

Reid



44 

  

  

  
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 (180o 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 35o 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. 

 

  
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). 

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

good agreement with the measurements. 

2. The areas of maximum scour and deposition, calculated by the models, are 

consistent with the respective areas resulting from the experiments. 

3. 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. 

4. 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. 

5. 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. 

6. 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. 

7. 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. 

8. 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. 

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

10. 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 km2 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 km2. 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 A1 Motorway. The part of the road that runs alongside Soures creek 

suffered heavy damages during the flash flood of 15/11/17. 

 

 
Figure 5.1. The Thriasian Plain and the Attica basin (source: Google Earth). 

 

5.1.2. The hydrographic network of Mandra area 
Mandra town lays within a catchment basin of roughly 75 km2, 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 km2, 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 m3/s and cross-

sectional area=A=24.0-34.4 m2)  

2. the partial diversion of the s. Agia Aikaterini (L=1.52 km, Q=47 m3/s and A=12.5-24.0 

m2) 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 m2) 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 m2). 



48 

 
Figure 5.2. The streams of Mandra and their technical works (Stamou, 2018). 

 

 
Figure 5.3. The regulated part of the s. Soures after 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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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.). 

 

 
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 15th, 2017 as recorded by 

the Ymmitos radar of the Hellenic National Meteorological Service (H.N.M.S.). 
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Figure 5.7. Mandra area before the November 15th flash flood event (Google Earth). 

 

 
Figure 5.8. Mandra area after the November 15th flash flood event (Google Earth). 

 

 
Figure 5.9. Maximum flooded area of Mandra at Novemer 15th (E. Lekkas et al, 2017). 
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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 3rd and 4rth 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. 

 

 
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 LAND COVER USE Range of values based on 

literature  
n 

112 Discontinuous urban fabric 0.060-0.115 0.100 

121 Industrial or commercial units 0.115-0.230 0.200 

122 Roads, rail networks and associated land 0.013-0.038 0.020 

223 Olive groves 0.043-0.050 0.045 

243 Land principally occupied by agriculture, 

with significant areas of natural vegetation 
0.058-0.100 0.060 

313 Mixed forest 0.100-0.230 0.140 

323 Sclerophyllous vegetation 0.072-0.125 0.100 

333 Sparsely vegetated areas 0.050-0.070 0.070 

 

Table 6.2. Manning Values for stream’s bed. 
STREAMS DESCRIPTION Range of values based on 

literature 
n 

Agia Aikaterini sluggish reaches, weedy, 

deep pools 
0.050-0.080 0.065 

Soures 

(unconstructed) 
sluggish reaches, weedy, 

deep pools 
0.050-0.080 0.065 

Soures 

(constructed) 
Concrete float finished 0.013-0.016 0.016 
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1.1.1. Technical works 
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 

work 
Upstream 

Location (m) 
Width or Diameter 

(m) 
Height (m) Length (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 
TW5 Twin-pipe 1010 2x0.8 

---  

38.0 
TW6 Culvert 760 3.5 2.0 15.0 
TW7 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 

 

1.1.2. Boundary conditions 
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. 

 

 
Figure 6.3. Upstream hydrographs (Tsakiris, 2017). 
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Figure 6.4. Mandra flood MM domain and the liquid 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 “.slf” 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). 

 

 
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 

 
 

 
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. Geomorphological evolution due to the flood flows on the upstream part of 

the s. Soures at 6 hours (above) and 8 hours (below) from the start of the simulation. 
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6.3.2. Geomorphological evolution on the upstream part of the s. Agia Aikaterini 

 
 

 
Figure 6.8. Geomorphological evolution due to the flood flows on the upstream part of 

the s. Aikaterini at 2 hours (above) and 4 hours (below) from the start of the simulation. 
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Figure 6.9. Geomorphological evolution due to the flood flows on the upstream part of 

the s. Aikaterini at 6 hours (above) and 8 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 

  

  

  

Figure 6.10. Geomorphological evolution due to the flood flow in selected cross-sections 

of the unregulated parts of the s. Soures (right) and the s. Agia Aikaterini (left). 
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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). 
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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 

!                    *****************  

                     SUBROUTINE QSFORM  

!                    *****************  

!  

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

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

!  

!***********************************************************************  

! SISYPHE   V6P2                                   21/07/2011  

!***********************************************************************  

!  

!brief    ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT  

!+                FORMULATION, BEST SUITED TO THEIR APPLICATION.  

!  

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

  

!  

!history  F. HUVELIN  

!+        **/11/2003  

!+        V5P4  

!+   MODIFIED  

!  

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

!+        13/07/2010  

!+        V6P0  

!+   Translation of French comments within the FORTRAN sources into  

!+   English comments  

!  

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

!+        21/08/2010  

!+        V6P0  

!+   Creation of DOXYGEN tags for automated documentation and  

!+   cross-referencing of the FORTRAN sources  

!  

!history  P. Tassi  

!+        22/05/2012  

!+        V6P2  

!+   Arguments added  

!  

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  

!  

      USE INTERFACE_SISYPHE, EX_QSFORM => QSFORM  

!     USE DECLARATIONS_SISYPHE  

      USE BIEF  

      IMPLICIT NONE  

!      INTEGER LNG,LU  

!      COMMON/INFO/LNG,LU  

C  

C+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+  

C  

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

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

      INTEGER,          INTENT(IN)    :: NPOIN  

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

C  

C+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+  
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C  

      INTEGER          :: I  

      DOUBLE PRECISION :: PHI(NPOIN) 

!      DOUBLE PRECISION, PARAMETER :: ACOEFF = 0.004D0 ! Sediment transport

 param (m^2s^-1)  

!  

!======================================================================!  

!======================================================================!  

!                               PROGRAM                                !  

!======================================================================!  

!======================================================================!  

!  

!     CHENG (2002) TYPE  

!       

      DO I = 1, NPOIN  

  

        PHI(I)=13.0*TETAP%R(I)**1.5*EXP(-0.05/TETAP%R(I)**1.5) 

        QSC%R(I)=PHI(I) 

        QSS%R(I)=0.D0 

  

      END DO  

!  

!  

!-----------------------------------------------------------------------  

!  

      RETURN  

      END  
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Rottner formula 

!                    ***************** 

                     SUBROUTINE QSFORM 

!                    ***************** 

! 

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

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

! 

!*********************************************************************** 

! SISYPHE   V6P2                                   21/07/2011 

!*********************************************************************** 

! 

!brief    ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT 

!+                FORMULATION, BEST SUITED TO THEIR APPLICATION. 

! 

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

! 

!history  F. HUVELIN 

!+        **/11/2003 

!+        V5P4 

!+   MODIFIED 

! 

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

!+        13/07/2010 

!+        V6P0 

!+   Translation of French comments within the FORTRAN sources into 

!+   English comments 

! 

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

!+        21/08/2010 

!+        V6P0 

!+   Creation of DOXYGEN tags for automated documentation and 

!+   cross-referencing of the FORTRAN sources 

! 

!history  P. Tassi 

!+        22/05/2012 

!+        V6P2 

!+   Arguments added 

! 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

! 

      USE INTERFACE_SISYPHE, EX_QSFORM => QSFORM 

!     USE DECLARATIONS_SISYPHE 

      USE BIEF 

      USE DECLARATIONS_SPECIAL 

      IMPLICIT NONE 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

! 

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

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

      INTEGER,          INTENT(IN)    :: NPOIN 

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

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

      INTEGER          :: I 

      DOUBLE PRECISION :: TERM1(NPOIN) 

      DOUBLE PRECISION :: TERM2(NPOIN),TERM3(NPOIN),PAR(NPOIN) 

      DOUBLE PRECISION :: UTOT(NPOIN) 
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! 

!======================================================================! 

!======================================================================! 

!                               PROGRAM                                ! 

!======================================================================! 

!======================================================================! 

! 

 

!**********ROTTNER BED LOAD FORMULA************************! 

 

 

      DO I = 1, NPOIN 

      UTOT(I)=SQRT(U2D%R(I)**2+V2D%R(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)) 

      QSC%R(I) = TERM1(I)*PAR(I) 

      QSS%R(I) = 0.D0 

      ENDDO 

       

       

       

!     EXAMPLE BY VAN RIJN 

! 

!     C1 = DENS * GRAV * DM 

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

! 

!     DO I = 1, NPOIN 

! 

!       TRANSPORT STAGE PARAMETER 

! 

!       IF(TETAP%R(I) .LE. AC) THEN 

!         T = 0.D0 

!       ELSE 

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

!       ENDIF 

! 

!       BEDLOAD TRANSPORT RATE 

! 

!       QSC%R(I) = C2 * T**2.1D0 

!       QSS%R(I) = 0.D0 

! 

!     ENDDO 

! 

!  FOLLOWING LINES NEED TO BE COMMENTED OUT 

! 

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

c$$$!      IF(LNG.EQ.2) WRITE(LU,53) 

c$$$!! 

c$$$!52    FORMAT(/,1X,' STOP :',/ 

c$$$!     &     ,1X,' LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM') 

c$$$!53    FORMAT(/,1X,'SISYPHE IS STOPPED : ',/ 

c$$$!     &      ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM') 

c$$$!      CALL PLANTE(1) 

c$$$!      STOP 

! 

!----------------------------------------------------------------------- 

! 

      RETURN 

      END 
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Karim Kennedy formula 

!                    ***************** 

                     SUBROUTINE QSFORM 

!                    ***************** 

! 

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

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

! 

!*********************************************************************** 

! SISYPHE   V6P2                                   21/07/2011 

!*********************************************************************** 

! 

!brief    ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT 

!+                FORMULATION, BEST SUITED TO THEIR APPLICATION. 

! 

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

! 

!history  F. HUVELIN 

!+        **/11/2003 

!+        V5P4 

!+   MODIFIED 

! 

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

!+        13/07/2010 

!+        V6P0 

!+   Translation of French comments within the FORTRAN sources into 

!+   English comments 

! 

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

!+        21/08/2010 

!+        V6P0 

!+   Creation of DOXYGEN tags for automated documentation and 

!+   cross-referencing of the FORTRAN sources 

! 

!history  P. Tassi 

!+        22/05/2012 

!+        V6P2 

!+   Arguments added 

! 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

! 

      USE INTERFACE_SISYPHE, EX_QSFORM => QSFORM 

!     USE DECLARATIONS_SISYPHE 

      USE BIEF 

      USE DECLARATIONS_SPECIAL 

      IMPLICIT NONE 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

! 

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

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

      INTEGER,          INTENT(IN)    :: NPOIN,NSICLA 

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

      DOUBLE PRECISION, INTENT(IN)    :: XWC 

      DOUBLE PRECISION, PARAMETER :: k1 = 0.00139D0 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

      INTEGER          :: I 

      DOUBLE PRECISION :: TERM1(NPOIN) 
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      DOUBLE PRECISION :: TERM2(NPOIN),TERM3(NPOIN) 

      DOUBLE PRECISION :: USTAR(NPOIN),UTOT(NPOIN) 

! 

!======================================================================! 

!======================================================================! 

!                               PROGRAM                                ! 

!======================================================================! 

!======================================================================! 

! 

 

!**********KARIM AND KENNEDY TOTAL 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.D0 

      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) 

      QSC%R(I) = k1*TERM1(I)*TERM2(I)*TERM3(I) 

      QSS%R(I) = 0.D0 

      END DO 

       

       

       

!     EXAMPLE BY VAN RIJN 

!     C1 = DENS * GRAV * DM 

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

!     DO I = 1, NPOIN 

!       TRANSPORT STAGE PARAMETER 

!       IF(TETAP%R(I) .LE. AC) THEN 

!         T = 0.D0 

!       ELSE 

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

!       ENDIF 

!       BEDLOAD TRANSPORT RATE 

!       QSC%R(I) = C2 * T**2.1D0 

!       QSS%R(I) = 0.D0 

! 

!     ENDDO 

! 

!  FOLLOWING LINES NEED TO BE COMMENTED OUT 

! 

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

!$$$!      IF(LNG.EQ.2) WRITE(LU,53) 

!$$$!! 

!$$$!52    FORMAT(/,1X,' STOP :',/ 

!$$$!     &     ,1X,' LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM') 

!$$$!53    FORMAT(/,1X,'SISYPHE IS STOPPED : ',/ 

!$$$!     &      ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM') 

!$$$!      CALL PLANTE(1) 

!$$$!      STOP 

! 

!----------------------------------------------------------------------- 

! 

      RETURN 

      END 



73 

Frijlink formula 

!                    ***************** 

                     SUBROUTINE QSFORM 

!                    ***************** 

! 

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

     & DENS, GRAV, DSTAR, VCE, QSC, QSS) 

! 

!*********************************************************************** 

! SISYPHE   V6P2                                   21/07/2011 

!*********************************************************************** 

! 

!brief    ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT 

!+                FORMULATION, BEST SUITED TO THEIR APPLICATION. 

! 

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

! 

!history  F. HUVELIN 

!+        **/11/2003 

!+        V5P4 

!+   MODIFIED 

! 

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

!+        13/07/2010 

!+        V6P0 

!+   Translation of French comments within the FORTRAN sources into 

!+   English comments 

! 

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

!+        21/08/2010 

!+        V6P0 

!+   Creation of DOXYGEN tags for automated documentation and 

!+   cross-referencing of the FORTRAN sources 

! 

!history  P. Tassi 

!+        22/05/2012 

!+        V6P2 

!+   Arguments added 

! 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

! 

      USE INTERFACE_SISYPHE, EX_QSFORM => QSFORM 

!     USE DECLARATIONS_SISYPHE 

      USE BIEF 

      USE DECLARATIONS_SPECIAL 

      IMPLICIT NONE 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

! 

      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 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

! 

      INTEGER          :: I 

      DOUBLE PRECISION :: B,MI 

      DOUBLE PRECISION :: USTAR(NPOIN),STR(NPOIN),UTOT(NPOIN) 
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!======================================================================! 

!======================================================================! 

!                               PROGRAM                                ! 

!======================================================================! 

!======================================================================! 

 

! ---> Global Parameters 

        B=5.D0 

 

        DO I=1,NPOIN 

         

        MI(I)=18*LOG10(12*HN%R(I)/(1.4*DM)) 

     1   /(18*LOG10(12*HN%R(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)) 

        QSC%R(I)=B*EXP(STR(I))*DM*USTAR(I)*MI(I) 

        QSS%R(I)=0.D0 

     

 

             

        END DO 

! 

!     EXAMPLE BY VAN RIJN 

!     C1 = DENS * GRAV * DM 

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

!     DO I = 1, NPOIN 

!       TRANSPORT STAGE PARAMETER 

! 

!       IF(TETAP%R(I) .LE. AC) THEN 

!         T = 0.D0 

!       ELSE 

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

!       ENDIF 

! 

!       BEDLOAD TRANSPORT RATE 

! 

!       QSC%R(I) = C2 * T**2.1D0 

!       QSS%R(I) = 0.D0 

! 

!     ENDDO 

! 

!  FOLLOWING LINES NEED TO BE COMMENTED OUT 

! 

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

!$$      IF(LNG.EQ.2) WRITE(LU,53) 

! 

!$$52    FORMAT(/,1X,' STOP :',/ 

!$$     &     ,1X,' LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM') 

!$$53    FORMAT(/,1X,'SISYPHE IS STOPPED : ',/ 

!$$     &      ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM') 

!$$      CALL PLANTE(1) 

!$$      STOP 

! 

!----------------------------------------------------------------------- 

! 

      RETURN 

      END 
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Nielsen formula 

!                    ***************** 

                     SUBROUTINE QSFORM 

!                    ***************** 

! 

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

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

! 

!*********************************************************************** 

! SISYPHE   V6P2                                   21/07/2011 

!*********************************************************************** 

! 

!brief    ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT 

!+                FORMULATION, BEST SUITED TO THEIR APPLICATION. 

! 

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

! 

!history  F. HUVELIN 

!+        **/11/2003 

!+        V5P4 

!+   MODIFIED 

! 

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

!+        13/07/2010 

!+        V6P0 

!+   Translation of French comments within the FORTRAN sources into 

!+   English comments 

! 

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

!+        21/08/2010 

!+        V6P0 

!+   Creation of DOXYGEN tags for automated documentation and 

!+   cross-referencing of the FORTRAN sources 

! 

!history  P. Tassi 

!+        22/05/2012 

!+        V6P2 

!+   Arguments added 

! 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

! 

      USE INTERFACE_SISYPHE, EX_QSFORM => QSFORM 

!     USE DECLARATIONS_SISYPHE 

      USE BIEF 

      USE DECLARATIONS_SPECIAL 

      IMPLICIT NONE 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

! 

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

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

      INTEGER,          INTENT(IN)    :: NPOIN 

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

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

      INTEGER          :: I 

      DOUBLE PRECISION :: TERM1,COEF 

      DOUBLE PRECISION :: TERM2(NPOIN),TERM3(NPOIN) 

! 
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!======================================================================! 

!======================================================================! 

!                               PROGRAM                                ! 

!======================================================================! 

!======================================================================! 

! 

 

!**********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) 

      QSC%R(I) = TERM1*TERM2(I)*TERM3(I) 

      QSS%R(I) = 0.D0 

      ENDDO 

       

       

       

!     EXAMPLE BY VAN RIJN 

! 

!     C1 = DENS * GRAV * DM 

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

! 

!     DO I = 1, NPOIN 

! 

!       TRANSPORT STAGE PARAMETER 

! 

!       IF(TETAP%R(I) .LE. AC) THEN 

!         T = 0.D0 

!       ELSE 

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

!       ENDIF 

! 

!       BEDLOAD TRANSPORT RATE 

! 

!       QSC%R(I) = C2 * T**2.1D0 

!       QSS%R(I) = 0.D0 

! 

!     ENDDO 

! 

!  FOLLOWING LINES NEED TO BE COMMENTED OUT 

! 

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

c$$$!      IF(LNG.EQ.2) WRITE(LU,53) 

c$$$!! 

c$$$!52    FORMAT(/,1X,' STOP :',/ 

c$$$!     &     ,1X,' LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM') 

c$$$!53    FORMAT(/,1X,'SISYPHE IS STOPPED : ',/ 

c$$$!     &      ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM') 

c$$$!      CALL PLANTE(1) 

c$$$!      STOP 

! 

!----------------------------------------------------------------------- 

! 

      RETURN 

      END 
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Ackers-White formula 

!                    ***************** 

                     SUBROUTINE QSFORM 

!                    ***************** 

! 

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

     & DENS, GRAV, DSTAR, VCE, QSC, QSS) 

! 

!*********************************************************************** 

! SISYPHE   V6P2                                   21/07/2011 

!*********************************************************************** 

! 

!brief    ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT 

!+                FORMULATION, BEST SUITED TO THEIR APPLICATION. 

! 

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

! 

!history  F. HUVELIN 

!+        **/11/2003 

!+        V5P4 

!+   MODIFIED 

! 

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

!+        13/07/2010 

!+        V6P0 

!+   Translation of French comments within the FORTRAN sources into 

!+   English comments 

! 

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

!+        21/08/2010 

!+        V6P0 

!+   Creation of DOXYGEN tags for automated documentation and 

!+   cross-referencing of the FORTRAN sources 

!history  P. Tassi 

!+        22/05/2012 

!+        V6P2 

!+   Arguments added 

! 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

! 

      USE INTERFACE_SISYPHE, EX_QSFORM => QSFORM 

!     USE DECLARATIONS_SISYPHE 

      USE BIEF 

      USE DECLARATIONS_SPECIAL 

      IMPLICIT NONE 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

! 

      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 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

! 

      INTEGER          :: I 

      DOUBLE PRECISION :: Alfa,Vn,Va,Vm,Vc,Vc1,QTR(NPOIN) 

      DOUBLE PRECISION :: USTAR(NPOIN),UTOT(NPOIN),Fgr1(NPOIN),S1(NPOIN) 

      DOUBLE PRECISION :: Fgr(NPOIN),Fgr2(NPOIN),Ggr1(NPOIN),Ggr(NPOIN) 
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! 

!======================================================================! 

!======================================================================! 

!                               PROGRAM                                ! 

!======================================================================! 

!======================================================================! 

 

! ---> Global Parameters 

 

        Alfa   = 1/(3*DM) 

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

 

         

 

 

 

            if (DSTAR.GT.60.) then 

              Vn = 0.00 

              Va = 0.17 

              Vm = 1.78    ! 1.5 in 1973 version 

              Vc = 0.025 

            else 

              Vn = 1.-0.56*Log10(DSTAR) 

              Va = 0.14+0.23/(SQRT(DSTAR)) 

              Vm = 1.67+6.83/DSTAR                              ! 1.34+9.66

/DSTAR in 1973 version 

              Vc1= 2.79*Log10(DSTAR)-0.98*(Log10(DSTAR))**2.-

3.46 ! 2.86*Log10(DSTAR)-(Log10(DSTAR))**2.-3.53 in 1973 version 

              Vc = 10.**(Vc1) 

            endif 

     

            ! ---> Sediment Mobility (Fgr) 

     

        DO I=1,NPOIN 

             

        USTAR(I)=SQRT(TOB%R(I)/XMVE) 

        UTOT(I)=SQRT(U2D%R(I)**2+V2D%R(I)**2) 

     

        Fgr1(I) = USTAR(I)**Vn/(SQRT(GRAV*DM*DENS)) 

     

        Fgr2(I) = SQRT(32.0)*Log10(Alfa*HN%R(I)/DM) 

     

        Fgr(I) = Fgr1(I)*(UTOT(I)/Fgr2(I))**(1-Vn) 

     

        ! ---

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

     

        Ggr1(I) = Fgr(I)/Va 

        if (Ggr1(I).GE.1.) then 

          Ggr(I)  = Vc*(Ggr1(I)-1)**Vm 

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

     

              !Me%TransportCapacity(i, j) = Ggr*RhoSW*Me%D35%Field2D(I,J)/S

1               !(m) 

              QTR(I) = Ggr(I)*DM/S1(I)               !(m) 

               

              ! [m3/s/m] = [m/s]*[m] 

              QSC%R(I) = UTOT(I) * Ggr(I)  

     

            else 

              QSC%R(I) = 0.D0 
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            endif 

         

            QSS%R(I) = 0.D0 

             

            end do 

! 

!     EXAMPLE BY VAN RIJN 

! 

!     C1 = DENS * GRAV * DM 

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

! 

!     DO I = 1, NPOIN 

! 

!       TRANSPORT STAGE PARAMETER 

! 

!       IF(TETAP%R(I) .LE. AC) THEN 

!         T = 0.D0 

!       ELSE 

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

!       ENDIF 

! 

!       BEDLOAD TRANSPORT RATE 

! 

!       QSC%R(I) = C2 * T**2.1D0 

!       QSS%R(I) = 0.D0 

! 

!     ENDDO 

! 

!  FOLLOWING LINES NEED TO BE COMMENTED OUT 

! 

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

!$$      IF(LNG.EQ.2) WRITE(LU,53) 

! 

!$$52    FORMAT(/,1X,' STOP :',/ 

!$$     &     ,1X,' LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM') 

!$$53    FORMAT(/,1X,'SISYPHE IS STOPPED : ',/ 

!$$     &      ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM') 

!$$      CALL PLANTE(1) 

!$$      STOP 

! 

!----------------------------------------------------------------------- 

! 

      RETURN 

      END 
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Yang Lim formula 

!                    ***************** 

                     SUBROUTINE QSFORM 

!                    ***************** 

! 

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

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

! 

!*********************************************************************** 

! SISYPHE   V6P2                                   21/07/2011 

!*********************************************************************** 

! 

!brief    ALLOWS THE USER TO CODE THEIR OWN BEDLOAD TRANSPORT 

!+                FORMULATION, BEST SUITED TO THEIR APPLICATION. 

! 

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

! 

!history  F. HUVELIN 

!+        **/11/2003 

!+        V5P4 

!+   MODIFIED 

! 

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

!+        13/07/2010 

!+        V6P0 

!+   Translation of French comments within the FORTRAN sources into 

!+   English comments 

! 

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

!+        21/08/2010 

!+        V6P0 

!+   Creation of DOXYGEN tags for automated documentation and 

!+   cross-referencing of the FORTRAN sources 

! 

!history  P. Tassi 

!+        22/05/2012 

!+        V6P2 

!+   Arguments added 

! 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

! 

      USE INTERFACE_SISYPHE, EX_QSFORM => QSFORM 

!     USE DECLARATIONS_SISYPHE 

      USE BIEF 

      USE DECLARATIONS_SPECIAL 

      IMPLICIT NONE 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

! 

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

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

      INTEGER,          INTENT(IN)    :: NPOIN 

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

      DOUBLE PRECISION, PARAMETER :: k2 = 12.5D0 

! 

!+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

      INTEGER          :: I 

      DOUBLE PRECISION :: TERM(NPOIN),USTAR(NPOIN),UCR(NPOIN) 

      DOUBLE PRECISION :: RS,WS_V,TCR 
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! 

!======================================================================! 

!======================================================================! 

!                               PROGRAM                                ! 

!======================================================================! 

!======================================================================! 

! 

 

!**********YANG LIM TOTAL LOAD FORMULA************************! 

 

 

      DO I = 1, NPOIN 

      USTAR(I)=SQRT(TOB%R(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.D0 

      END IF 

      QSS%R(I) = 0.D0 

      ENDDO 

       

       

       

!     EXAMPLE BY VAN RIJN 

! 

!     C1 = DENS * GRAV * DM 

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

! 

!     DO I = 1, NPOIN 

! 

!       TRANSPORT STAGE PARAMETER 

! 

!       IF(TETAP%R(I) .LE. AC) THEN 

!         T = 0.D0 

!       ELSE 

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

!       ENDIF 

! 

!       BEDLOAD TRANSPORT RATE 

! 

!       QSC%R(I) = C2 * T**2.1D0 

!       QSS%R(I) = 0.D0 

!     ENDDO 

!  FOLLOWING LINES NEED TO BE COMMENTED OUT 

! 

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

c$$$!      IF(LNG.EQ.2) WRITE(LU,53) 

c$$$!! 

c$$$!52    FORMAT(/,1X,' STOP :',/ 

c$$$!     &     ,1X,' LE TAUX DE TRANSPORT DOIT ETRE CALCULE DANS QSFORM') 

c$$$!53    FORMAT(/,1X,'SISYPHE IS STOPPED : ',/ 

c$$$!     &      ,1X,' SAND TRANSPORT MUST BE CALCULATED IN QSFORM') 

c$$$!      CALL PLANTE(1) 

c$$$!      STOP 

! 

!----------------------------------------------------------------------- 

! 

      RETURN 

      END 


