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

                                                                                                      John von Neumann 
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Abstract  
 

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

sediment transport and geo morphological changes on the November 15 th , 2017 Mandra 

flood. SISYPHE module was used for the sediment transport/morphological model, fully 

coupled w ith 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 debr is 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 

even ts 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 floo d 

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 fl ow 

regime , and the sediment transport / geo morphological 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., 201 7) 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 i n the Mandra flood  model . 

 

Keywords:  Flash Flood; Hydrodynamics; Sediment transport; Geomorphol ogy; 

Benchmark; Numerical Mode lling; Attica; Mandra; TELEMAC -2D; SISYPHE.  
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ɞʆʐʀʉʙʏ ɩʀʍʚʇʂʕʂȾ Extended Abstract (in Greek)  
 

ρȢ ɞʅʎɻɾʖɾʙ 
ǱȆ ǰŬűȊȆȇǽȎ ǲȈȄȉȉȖȍŮȎ (ǰǲ) ŮǿȊŬȆ (Grutfest  & Huber , 1991) ȂȍǾȂȌȍŮȎ ȍȌǽȎ ůŰȄȊ 

ŮɸȆűǼȊŮȆŬ ŰȄȎ ũȄȎ ȇŬȆ ɸȍȌȇŬȈȌȖȊŰŬȆ Ŭɸȕ ǽȊŰȌȊȄ ȁȍȌȐȕɸŰȒůȄ ůŮ ȉȆȇȍȕ ȐȍȌȊȆȇȕ ŭȆǼůŰȄȉŬ. 

ǨǿȊŬȆ Ŭɸȕ ŰŬ ɸȆȌ ȇŬŰŬůŰȍȌűȆȇǼ űȏůȆȇǼ űŬȆȊȕȉŮȊŬ ȇŬȆ ǽȐȌȏȊ ȒȎ ŬɸȌŰǽȈŮůȉŬ ŰȄȊ ŬɸȗȈŮȆŬ 

ŬȊȅȍȗɸȆȊȒȊ ȃȒȗȊ, ŬȈȈǼ ȇŬȆ ȌȆȇȌȊȌȉȆȇǽȎ ŮɸȆɸŰȗůŮȆȎ ůŮ ɸŬȂȇȕůȉȆŬ ȇȈǿȉŬȇŬ (E. Gaume  et  

al., 2008). ǵȌ ȉǽůȌ ŮŰǾůȆȌ ȇȕůŰȌȎ ŰȒȊ űȏůȆȇȗȊ ȇŬŰŬůŰȍȌűȗȊ, ɸŬȂȇȌůȉǿȒȎ, ŬȊǽȍȐŮŰŬȆ ůŮ 

40 ŮȇŬŰ. ú (Munich  Re, 2003). ǞȊŬ ůȄȉŬȊŰȆȇȕ ȉǽȍȌȎ ŬȏŰȗȊ ȌűŮǿȈŮŰŬȆ ůŮ ǰū. ǞȊŬ ȉȕȊȌ 

ŮɸŮȆůȕŭȆȌ ǰǲ ɸȍȌȋǽȊȄůŮ ȇŬŰŬůŰȍȌűǽȎ ŬȋǿŬȎ 1.2 ŮȇŬŰ. ú ůŰȄȊ ɸŮȍȆȌȐǾ ŰȄȎ Gard, ůŰȄ ȊȕŰȆŬ 

ũŬȈȈǿŬ, ŰȌ 2002, ŮȊȗ ůŰȄȊ ɸŮȍǿɸŰȒůȄ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ŰȌȏ ɸȌŰŬȉȌȖ Aude, ŰȌ 1999, 

ɸȍȌȇȈǾȅȄȇŬȊ ȇŬŰŬůŰȍȌűǽȎ ŬȋǿŬȎ 3.3 ŮȇŬŰ. ú (Huet  et  al ., 2003) . ǡůȌ ȉŮȂǼȈŮȎ ȇŬȆ ŬȊ 

ŮǿȊŬȆ ȌȆ ŮɸȆɸŰȗůŮȆȎ ůŰȄȊ ȌȆȇȌȊȌȉǿŬ, ŭŮȊ ȉɸȌȍȌȖȊ ȊŬ ůȏȂȇȍȆȅȌȖȊ ȉŮ ŰȆȎ ŬɸȗȈŮȆŮȎ 

ŬȊȅȍȗɸȆȊȒȊ ȃȒȗȊ. ǱȆ ŰŮȈŮȏŰŬǿŮȎ, ŮǿȊŬȆ ůȄȉŬȊŰȆȇǽȎ ŰȕůȌ ůŰȆȎ ȉŮůȌȂŮȆŬȇǽȎ ȐȗȍŮȎ, ŬȈȈǼ ȇŬȆ 

ŮȏȍȖŰŮȍŬ. ǷŬȍŬȇŰȄȍȆůŰȆȇȕ ŮǿȊŬȆ ŰȌ ɸŬȍǼŭŮȆȂȉŬ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ŰȄȎ ǦŬȍȇŮȈȗȊȄȎ (1962), 

ɸȌȏ ůŰȌǿȐȆůŮ ŰȄ ȃȒǾ ůŮ ɸǼȊȒ Ŭɸȕ 400 ȇŬŰȌǿȇȌȏȎ (L. Bustow  et  al., 1964). ǥȊŰǿůŰȌȆȐȄȎ 

ǽȊŰŬůȄȎ ǾŰŬȊ ȇŬȆ ŰŬ űŬȆȊȕȉŮȊŬ ůŰȌ Piemond  ŰȄȎ ǫŰŬȈǿŬȎ, ŰȌ 1968 ȇŬȆ 1994, ȉŮ 72 ȇŬȆ 69 

ȊŮȇȍȌȖȎ ŬȊŰǿůŰȌȆȐŬ (Ferro , 2005/ Guzzeti  et  al., 2005). Ǫ ŬȊǼ ȐŮǿȍŬȎ ŭȆɸȈȒȉŬŰȆȇǾ 

ŮȍȂŬůǿŬ ɸŬȍȌȏůȆǼȃŮȆ ɸŰȏȐǽȎ ŰȄȎ ȉŮȂǼȈȄȎ ǰǲ ɸȌȏ ǽɸȈȄȋŮ ŰȄȊ ɸŮȍȆȌȐǾ ŰȄȎ ǮǼȊŭȍŬȎ ůŰȆȎ 15 

ǯȌŮȉȁȍǿȌȏ ŰȌȏ 2017 ȇŬȆ ůŰȌǿȐȆůŮ ŰȄ ȃȒǾ ůŮ 23 ŬȊȅȍȗɸȌȏȎ. 

 

ǵŬ ŰŮȈŮȏŰŬǿŬ ȐȍȕȊȆŬ, ŬȍȇŮŰǽȎ ȉŮȈǽŰŮȎ ɸȍȌŰŮǿȊȌȏȊ ůȏůȐǽŰȆůȄ ȉŮŰŬȋȖ ŰȒȊ ɸȌȈȖ ǽȊŰȌȊȒȊ 

ȁȍȌȐȌɸŰȗůŮȒȊ, ȇŬȆ ȇŬŰô ŮɸǽȇŰŬůȄ ŰȒȊ ǰǲ, ȉŮ ŰȄȊ ȇȈȆȉŬŰȆȇǾ ŬȈȈŬȂǾ (IPCC, 1995). ǥȏŰȕ 

ŬȊŬȉǽȊŮŰŬȆ ȊŬ ȌŭȄȂǾůŮȆ ůŮ ŬȖȋȄůȄ ŰȄȎ ůȏȐȊȕŰȄŰŬȎ ŮȉűǼȊȆůȄȎ ǰǲ, ȇǼŰȆ ɸȌȏ ŮȇŰȆȉǼŰŬȆ ȕŰȆ 

ȅŬ ǽȐŮȆ ȆŭȆŬǿŰŮȍŬ ŭȏůȉŮȊŮǿȎ ŮɸȆɸŰȗůŮȆȎ ůŮ ȋȄȍǽȎ ɸŮȍȆȌȐǽȎ, ȕɸȒȎ Ȅ ȈŮȇǼȊȄ ŰȄȎ ǮŮůȌȂŮǿȌȏ 

(Alpert  et  al ., 2002).  ǱȆ ǰǲ ŰŮǿȊȌȏȊ ȊŬ ŮǿȊŬȆ ɸȆȌ ȇŬŰŬůŰȍȌűȆȇǽȎ ȕŰŬȊ ŮȇŭȄȈȗȊȌȊŰŬȆ ůŮ 

ŬůŰȆȇȕ ɸŮȍȆȁǼȈȈȌȊ, ŰȌ ȌɸȌǿȌ ȐŬȍŬȇŰȄȍǿȃŮŰŬȆ Ŭɸȕ ŬŭȆŬɸǽȍŬŰŮȎ ŮɸȆűǼȊŮȆŮȎ (Davis , 2001). 

ǞȊŬȎ ŬȇȕȉŬ ɸŬȍǼȂȌȊŰŬȎ ɸȌȏ ůȏȊŰŬȈŮǿ ůŮ ŬȏŰȕ ŮǿȊŬȆ ŰȌ ȕŰȆ Ȅ ȉŮȂǽȅȏȊůȄ ŰȒȊ ɸȕȈŮȒȊ ŭŮȊ 

ůȏȊȌŭŮȖŮŰŬȆ ɸǼȊŰŬ Ŭɸȕ ǽȍȂŬ ŬȊŰȆɸȈȄȉȉȏȍȆȇǾȎ ɸȍȌůŰŬůǿŬȎ (C. Papathanasiou  et  al ., 

2012).  ǵŬ ǽȍȂŬ ȏɸȌŭȌȉǾȎ ŬȊŬɸŰȖůůȌȊŰŬȆ ɸȌȈȈǽȎ űȌȍǽȎ ȂȆŬ ȊŬ ȇŬȈȖȑȌȏȊ ůȏȂȇŮȇȍȆȉǽȊŮȎ 

ŬȊǼȂȇŮȎ ɸȌȏ ɸȍȌȇȖɸŰȌȏȊ Ŭɸȕ ŰȄȊ ȇȌȆȊȌȊȆȇȌȌȆȇȌȊȌȉȆȇǾ ȉŮȂǽȅȏȊůȄ ŬȂȊȌȗȊŰŬȎ ŰȆȎ 

ŮȊŭŮȐȌȉǽȊȒȎ ŬȍȊȄŰȆȇǽȎ ŮɸȆɸŰȗůŮȆȎ ɸȌȏ ŬȏŰǼ ȅŬ ǽȐȌȏȊ ůŰȄȊ ɸŬȍȌȐŮȖŰŮůȄ ŰȒȊ 

ɸȈȄȉȉȏȍȆȇȗȊ ȍȌȗȊ (C. Papathanasiou  et  al., 2015). ǵǽŰȌȆŬ ŮǿȊŬȆ Ȅ ɸŮȍǿɸŰȒůȄ ǽȍȂȒȊ ɸȌȏ 

ɸȍȌȇŬȈȌȖȊ ȏŭȍȌȉȌȍűȌȈȌȂȆȇǾ ŬȈȈȌǿȒůȄ ůŮ ȉȆŬ ȈŮȇǼȊȄ ŬɸȌȍȍȌǾȎ Ǿ ŬȏȋǼȊȌȏȊ ŰȆȎ 

ŬŭȆŬɸǽȍŬŰŮȎ ŮɸȆűǼȊŮȆŮȎ. 

 

ǱȆ ǰǲ ůȐŮŰǿȃȌȊŰŬȆ ȉŮ ǽȊŰȌȊŮȎ ȂŮȒȉȌȍűȌȈȌȂȆȇǽȎ ŬȈȈȌȆȗůŮȆȎ (ǨȆȇȕȊŬ 1), ɸȌȏ ɸȍȌȇȖɸŰȌȏȊ 

Ŭɸȕ ŰȄ ůȏȉɸŬȍǼůȏȍůȄ ȇŬȆ ŬɸȕȅŮůȄ ůŰŮȍŮȗȊ Ŭɸȕ ŰȆȎ ɸȈȄȉȉȏȍȆȇǽȎ ȍȌǽȎ. ǥȊŬȉǽȊŮŰŬȆ ȕŰȆ ȌȆ 

ȂŮȒȉȌȍűȌȈȌȂȆȇǽȎ ŬȈȈȌȆȗůŮȆȎ ȅŬ ŬȏȋȄȅȕȖȊ ůŰȌ ȉǽȈȈȌȊ, ȈȕȂȒ ŰȄȎ ŮȍȄȉȌɸȌǿȄůȄȎ ɸŮȍȆȌȐȗȊ 

ɸȌȏ űŰǼȊȌȏȊ ȒȎ ȇŬȆ ŰȌ 35% ŰȄȎ ŮɸȆűǼȊŮȆŬȎ ŰȄȎ ůŰŮȍȆǼȎ, ȌȆ ȌɸȌǿŮȎ ȅŬ ŮǿȊŬȆ ɸȆȌ ŮɸȆȍȍŮɸŮǿȎ 

ůŰȄ ŭȆǼȁȍȒůȄ (UNEP). Ǫ ŮɸǿŭȍŬůȄ ŰȒȊ ůŰŮȍŮȗȊ ůŰŬ ȏŭȍȌŭȏȊŬȉȆȇǼ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ŰȒȊ 

ɸȈȄȉȉȏȍȆȇȗȊ ȍȌȗȊ ŭŮȊ ȈŬȉȁǼȊŮŰŬȆ ȏɸȕȑȄ ůŰŬ ŭȆǼűȌȍŬ ȉȌȊŰǽȈŬ, ȒȎ ůǾȉŮȍŬ. 

 

 
ǨȆȇȕȊŬ 1.  ǨȊŬɸȕȅŮůȄ űŮȍŰȗȊ ůŮ ȍǽȉŬŰŬ ȇŬŰǼ ŰȆȎ ɸȈȄȉȉȖȍŮȎ ŰȌȏ ǥȏȂȌȖůŰȌȏ ŰȌȏ 2005 ůŮ 

ɸŮȍȆȌȐǽȎ ŰȄȎ ǨȈȁŮŰǿŬȎ. (ɸȄȂǾ:  wileyonlinelibrary .com / journal / espl ).  



vi  

ςȢ ɛʅɼʇʅʋɾʍɻʒʅʆʙ ʘʍʀʑʉɻ 
Ǳ ůȇȌɸȕȎ ŰȄȎ ȁȆȁȈȆȌȂȍŬűȆȇǾȎ ǽȍŮȏȊŬȎ ŮǿȊŬȆ Ȅ ŮɸȆȈȌȂǾ ŰȌȏ ǮǮ ɸȌȏ ȅŬ ȐȍȄůȆȉȌɸȌȆȄȅŮǿ ȂȆŬ 

ŰȄ ŭȆɸȈȒȉŬŰȆȇǾ ŮȍȂŬůǿŬ. ǥȏŰȕ ȅŬ ɸȍǽɸŮȆ ȊŬ ɸȈȄȍȌǿ ŰŬ ŬȇȕȈȌȏȅŬ ȇȍȆŰǾȍȆŬ: 

1.  ǯŬ ŮǿȊŬȆ ŮȈŮȖȅŮȍŬ ŭȆŬȅǽůȆȉȌ ůŰȌ ŭȆŬŭǿȇŰȏȌ 

2.  ǯŬ ǽȐŮȆ ȐȍȄůȆȉȌɸȌȆȄȅŮǿ ŮɸŬȍȇȗȎ ȇŬȆ ȊŬ ȅŮȒȍŮǿŰŬȆ ŬȋȆȕɸȆůŰȌ 

3.  ǯŬ ŭȆŬȅǽŰŮȆ ŬȊȌȆȐŰȕ ȇȗŭȆȇŬ ɸȌȏ ȊŬ ŮɸȆŰȍǽɸŮȆ ůŰȌȊ ȐȍǾůŰȄ ŰȏȐȌȖůŮȎ ŬȈȈŬȂǽȎ 

4.  ǯŬ ȉɸȌȍŮǿ ȊŬ ȈŮȆŰȌȏȍȂǾůŮȆ ȉŮ ȉȆŬ ɸȈȄȅȗȍŬ ŮȋȆůȗůŮȒȊ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȂȆŬ ŰȄȊ 

ȉŮȈǽŰȄ ȇŬȆ ůȖȂȇȍȆůǾ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȌȏȎ ȉŮ ɸŮȆȍŬȉŬŰȆȇǼ ŭŮŭȌȉǽȊŬ 

 

ǵŬ ǮŬȅȄȉŬŰȆȇǼ ǮȌȊŰǽȈŬ (ǮǮ) ŮǿȊŬȆ ȁŬůȆȇȕ ŮȍȂŬȈŮǿȌ ȂȆŬ ɸȍȌůȌȉȌȆȗůŮȆȎ ǰǲ. Ǫ ŬȊǼɸŰȏȋȄ 

ŰȄȎ ŰŮȐȊȌȈȌȂǿŬȎ ůŰȄ ůȖȂȐȍȌȊȄ ŮɸȌȐǾ ůȏȊŰǽȈŮůŮ ůŰȌ ȊŬ ȇŬŰŬůŰǾůŮȆ ȌȆȇȌȊȌȉȆȇǼ ŮűȆȇŰǾ Ȅ 

ŬȂȌȍǼ ɸȍȌůȒɸȆȇȌȖ ȏɸȌȈȌȂȆůŰǾ Ŭɸȕ ǽȊŬ ůȄȉŬȊŰȆȇȕ ȉǽȍȌȎ ŰȌȏ ɸȈȄȅȏůȉȌȖ. ǥȏŰȕ ȌŭǾȂȄůŮ 

ůŰȄȊ ŮɸǽȇŰŬůȄ ŰȄȎ ȐȍǾůȄȎ ŰȒȊ ǮǮ, ŰŬ ȌɸȌǿŬ ȉǽȐȍȆ ɸȍȕŰȆȊȌȎ ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȊ ȂȆŬ 

ŮȍŮȏȊȄŰȆȇȌȖȎ ůȇȌɸȌȖȎ, ůŰȌȊ ȇȈǼŭȌ ŰȒȊ ȉŮȈŮŰȄŰȗȊ ȉȄȐŬȊȆȇȗȊ. ǱȆ ȇȖȍȆŮȎ ȉǽȅȌŭȌȆ ɸȌȏ 

ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ȂȆŬ ŰȄ ŭȆŬȇȍȆŰȌɸȌǿȄůȄ ŰȌȏ ȐȗȍȌȏ ŮǿȊŬȆ ȌȆ ȉǽȅȌŭȌȎ ŰȒȊ ɸŮɸŮȍŬůȉǽȊȒȊ 

ŭȆŬűȌȍȗȊ (FDM), Ȅ ȉǽȅȌŭȌȎ ŰȒȊ ɸŮɸŮȍŬůȉǽȊȒȊ ůŰȌȆȐŮǿȒȊ (FEM) ȇŬȆ Ȅ ȉǽȅȌŭȌȎ ŰȒȊ 

ɸŮɸŮȍŬůȉǽȊȒȊ ȕȂȇȒȊ (FVM).  

 

ǵŬ ǮǮ ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ȂȆŬ ŬȊǼȈȏůȄ ȇȆȊŭȖȊȌȏ ŰȕůȌ ůŰȄȊ ȏɸǼȍȐȌȏůŬ ȇŬŰǼůŰŬůȄ, ȕůȌ ȇŬȆ 

ůŮ ȉŮȈȈȌȊŰȆȇǽȎ ȇŬŰŬůŰǼůŮȆȎ, ŬȈȈǼ ǽȐȌȏȊ ȇŬȆ ǽȊŬȊ ŮȏȍȖŰŮȍȌ ȍȕȈȌ (Van  Duived ijk , 2005). 

ǲȆȌ ůȏȂȇŮȇȍȆȉǽȊŬ, ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ȂȆŬ ŰȌȊ ǽȈŮȂȐȌ ŰȄȎ ŬɸȌŰŮȈŮůȉŬŰȆȇȕŰȄŰŬȎ 

ŬȊŰȆɸȈȄȉȉȏȍȆȇȗȊ ǽȍȂȒȊ, ȂȆŬ ŰȄȊ ŮȇŰǿȉȄůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ůŰŬ ǽȍȂŬ 

ȉȆŬȎ ɸŮȍȆȌȐǾȎ, ȇŬȅȗȎ ȇŬȆ ȂȆŬ ȇŬŰǼůŰȍȒůȄ ȐŬȍŰȗȊ ɸȈȄȉȉȏȍȆȇȌȖ ȇȆȊŭȖȊȌȏ. 

ǷȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ŰǽȈȌȎ ȇŬȆ ȂȆŬ ŰȄȊ ŬȊǼɸŰȏȋȄ ǴȏůŰȄȉǼŰȒȊ ǞȂȇŬȆȍȄȎ ǲȍȌŮȆŭȌɸȌǿȄůȄȎ 

(ǴǨǲ) ɸȌȏ ůŰȕȐȌ ǽȐȌȏȊ ŰȄȊ ŮȊȄȉǽȍȒůȄ ŰȒȊ ɸȌȈȆŰȗȊ ȂȆŬ ŰȏȐȌȖůŬ ŮɸŮȍȐȕȉŮȊȄ ɸȈȄȉȉȖȍŬ. 

 

ǵŬ ǮǮ ȂȆŬ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ǰǲ ȉɸȌȍŮǿ ȊŬ ŮǿȊŬȆ ůŰȌȐŬůŰȆȇǼ, ȊŬ ȁŬůǿȃȌȊŰŬȆ ŭȄȈŬŭǾ ůŰȄȊ 

ŬȊǼȈȏůȄ ŰȄȎ ůȏȐȊȕŰȄŰŬȎ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ȇŬȆ ȊŰŮŰŮȍȉȆȊȆůŰȆȇǼ, ŭȄȈŬŭǾ ȊŬ ȁŬůǿȃȌȊŰŬȆ ůŰȆȎ 

űȏůȆȇǽȎ ȆŭȆȕŰȄŰŮȎ ŰȒȊ ɸŬȍŬȉǽŰȍȒȊ ɸȌȏ ŮɸȄȍŮǼȃȌȏȊ ȉȆŬ ǰǲ (Mambretti  et  al., 2008). ǵŬ 

ȊŰŮŰŮȍȉȆȊȆůŰȆȇǼ ǮǮ ŮǿȊŬȆ ůȏȐȊǼ ȉȌȊŰǽȈŬ ŭȆȕŭŮȏůȄȎ ɸȈȄȉȉȖȍŬȎ, ɸȌȏ ŮȇŰȆȉȌȖȊ ŰȄȊ ŮȋǽȈȆȋȄ 

ŰȌȏ ȏŭȍȌȂȍŬűǾȉŬŰȌȎ ŰȄȎ ŭȆŬŰȌȉǾȎ ŮȆůȕŭȌȏ ȇŬŰǼ ȉǾȇȌȎ ȉȆŬȎ ȇȌǿŰȄȎ ɸȌŰŬȉȌȖ Ǿ ȉȆŬȎ 

ɸȈȄȉȉȏȍȆȇǾȎ ȈŮȇǼȊȄȎ. ǵŬ ȏȍȌŭȏȊŬȉȆȇǼ ȉȌȊŰǽȈŬ 1ǧ ŮɸȆȈȖȌȏȊ 2 ŮȋȆůȗůŮȆȎ ȂȆŬ ȊŬ 

ɸȍȌȁȈǽȑȌȏȊ ŰȄȊ ŮȋǽȈȆȋȄ ŰȌȏ ȏŭȍȌȂȍŬűǾȉŬŰȌȎ: ŰȄȊ ŮȋǿůȒůȄ ŰȄȎ ůȏȊǽȐŮȆŬȎ ȇŬȆ ŰȄȊ 

ŮȋǿůȒůȄ ŰȄȎ ŭȆŬŰǾȍȄůȄȎ ŰȄȎ ȂȍŬȉȉȆȇǾȎ ȌȍȉǾȎ. ǶɸȌȈȌȂǿȃȌȏȊ 2 ȉŮŰŬȁȈȄŰǽȎ ŰȄȎ ȍȌǾȎ, ŰȄȊ 

ȉǽůȄ ŰŬȐȖŰȄŰŬ (U) ȇŬȆ ŰȄ ůŰǼȅȉȄ ŰȌȏ ȊŮȍȌȖ (H).  

 

ǵŬ ȉȌȊŰǽȈŬ ŭȆȕŭŮȏůȄȎ ɸȈȄȉȉȖȍŬȎ ȉɸȌȍŮǿ ȊŬ ŮǿȊŬȆ ȏŭȍȌȈȌȂȆȇǼ Ǿ ȏŭȍȌŭȏȊŬȉȆȇǼ. ǵŬ 

ȏŭȍȌȈȌȂȆȇǼ ȉȌȊŰǽȈŬ ŮɸȆȈȖȌȏȊ ŰȄȊ ŮȋǿůȒůȄ ŭȆŬŰǾȍȄůȄȎ ŰȄȎ ȉǼȃŬȎ ȇŬȆ ȉȆŬ ŮȉɸŮȆȍȆȇǾ ůȐǽůȄ 

ȂȆŬ ŰȌȊ ȏɸȌȈȌȂȆůȉȕ ŰȌȏ ȏŭȍȌȂȍŬűǾȉŬŰȌȎ ŮȋȕŭȌȏ. ǨǿȊŬȆ ɸȆȌ ŬɸȈȌȏůŰŮȏŰȆȇǼ Ŭɸȕ ŰŬ 

ȏŭȍȌŭȏȊŬȉȆȇǼ ȇŬȆ ȅŮȒȍȌȖȊŰŬȆ ŬȇŬŰǼȈȈȄȈŬ ȂȆŬ ŰȄȊ ɸŮȍǿɸŰȒůȄ ŰŬȐǽȒȎ ŬȊȏȑȌȖȉŮȊȒȊ 

ȏŭȍȌȂȍŬűȄȉǼŰȒȊ ŮȆůȕŭȌȏ, ȕɸȒȎ ůȏȉȁŬǿȊŮȆ ȉŮ ŰȆȎ ǰǲ, ȂȆŬŰǿ ŬȉŮȈȌȖȊ ŰȄȊ ŮɸǿŭȍŬůȄ Ŭɸȕ ŰŬ 

ŬȊǼȊŰȄ. ǴŰŬ ȏŭȍȌŭȏȊŬȉȆȇǼ ȉȌȊŰǽȈŬ ŬȊŰǿȅŮŰŬ, ȈŬȉȁǼȊȌȊŰŬȆ ȏɸȕȑȄ ŬȏŰǼ ŰŬ űŬȆȊȕȉŮȊŬ ȇŬȆ 

ȂȆô ŬȏŰȕ ŮȊŭŮǿȇȊȏȊŰŬȆ ȂȆŬ ɸȍȌůȌȉȌȆȗůŮȆȎ ǰǲ. ǥȏŰǼ ŮɸȆȈȖȌȏȊ ŰȆȎ ŮȋȆůȗůŮȆȎ Navier  Stokes  

ȂȆŬ ȊŬ ȏɸȌȈȌȂǿůȌȏȊ ŰȄȊ ɸŬȍȌȐǾ, ŰȄȊ ŰŬȐȖŰȄŰŬ ȇŬȆ ŰȆȎ ůŰǼȅȉŮȎ ůŮ ȅǽůŮȆȎ ŰȄȎ ȍȌǾȎ. 

 

ǴŰȆȎ ȉǽȍŮȎ ȉŬȎ, ŰŬ ȏŭȍȌŭȏȊŬȉȆȇǼ ȉȌȊŰǽȈŬ 1ǧ ȇŬȆ 2ǧ ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ůŰȆȎ ɸŮȍȆůůȕŰŮȍŮȎ 

ɸŮȍȆɸŰȗůŮȆȎ ȂȆŬ ŬȊǼȈȏůȄ ɸȈȄȉȉȏȍȆȇȌȖ ȇȆȊŭȖȊȌȏ (Kvocka  et  al., 2017), ɸŬȍȕŰȆ ŰŬ 

ɸŮȍȆůůȕŰŮȍŬ ɸȍȌȂȍǼȉȉŬŰŬ ŭȆŬȅǽŰȌȏȊ ȇŬȆ ȉȌȊŰǽȈŬ 3ǧ. ǨǿȊŬȆ ůȄȉŬȊŰȆȇȕ ȊŬ ȁȍŮȅŮǿ ȉȆŬ ȉǽůȄ 

ȈȖůȄ ȉŮŰŬȋȖ ŰȄȎ ŬɸŬȆŰȌȖȉŮȊȄȎ ŬȇȍǿȁŮȆŬȎ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ȇŬȆ ŰȒȊ ŭȆŬŰȆȅǽȉŮȊȒȊ 

ȏɸȌȈȌȂȆůŰȆȇȗȊ ŭȏȊŬŰȌŰǾŰȒȊ. Ǫ ŮɸȆȈȌȂǾ ŰȒȊ ŭȆŬůŰǼůŮȒȊ ŰȌȏ ȉȌȊŰǽȈȌȏ ŮȋŬȍŰǼŰŬȆ Ŭɸȕ ŰȌ 

ȉǽȂŮȅȌȎ ŰȄȎ ɸŮȍȆȌȐǾȎ ȉŮȈǽŰȄȎ (Huybrechts  et  al ., 2010). ǵŬ ȉȌȊŰǽȈŬ 1ǧ ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ 

ȇȏȍǿȒȎ ȂȆŬ ɸŮȍȆȌȐǽȎ ȉŮȂǼȈȄȎ ǽȇŰŬůȄȎ ůŮ ŬȊŰǿȅŮůȄ ȉŮ ŰŬ 3ǧ ȉȌȊŰǽȈŬ ɸȌȏ ŮȊŭŮǿȇȊȏȊŰŬȆ ȂȆŬ 

ȉȆȇȍǽȎ ɸŮȍȆȌȐǽȎ ȉŮȈǽŰȄȎ. ǵŬ 2ǧ ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ůŮ ŮȊŭȆǼȉŮůŮȎ ɸŮȍȆɸŰȗůŮȆȎ. ǵŬ ȉȌȊŰǽȈŬ 

2ǧ ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ȂȆŬ ŰȄ ɸȍȌůȌȉȌǿȒůȄ ǰǲ ȂȆŬ ŰȌȊ ŮɸȆɸȍȕůȅŮŰȌ ȈȕȂȌ ȕŰȆ ȏɸȌȈȌȂǿȃȌȏȊ 

ŰŬ ȉǽůŬ ȇŬȅô ȖȑȌȎ ȉŮȂǽȅȄ, ɸȌȏ ȅŮȒȍŮǿŰŬȆ ȆȇŬȊȌɸȌȆȄŰȆȇǾ ůȖȉȁŬůȄ ȂȆŬ ŰȆȎ ɸŮȍȆɸŰȗůŮȆȎ ȕɸȌȏ 

Ȅ ŮɸȆűǼȊŮȆŬ ɸȌȏ ȇŬŰŬȈŬȉȁǼȊŮŰŬȆ Ŭɸô ŰȄȊ ɸȈȄȉȉȖȍŬ ŮǿȊŬȆ ɸȌȈȖ ȉŮȂŬȈȖŰŮȍȄ Ŭɸȕ ŰȌ ȁǼȅȌȎ 

ŰȌȏ ȊŮȍȌȖ. 



vii  

ǧȆǼűȌȍŬ ɸȍȌȂȍǼȉȉŬŰŬ ŭȆŬŰǿȅŮȊŰŬȆ ůǾȉŮȍŬ, ɸȌȏ ȉɸȌȍȌȖȊ ȊŬ ȐȍȄůȆȉȌɸȌȆȄȅȌȖȊ ȂȆŬ 

ɸȍȌůȌȉȌȆȗůŮȆȎ ǰǲ. ǬǼɸȌȆŬ Ŭɸȕ ŰŬ ɸȆȌ ȂȊȒůŰǼ ŮǿȊŬȆ ŰȌ CCHE2D-Flow  ɸȌȏ ŬȊŬɸŰȖȐȅȄȇŮ 

Ŭɸȕ ŰȌ ǲŬȊŮɸȆůŰǾȉȆȌ ŰȌȏ ǮȆůȆůǿɸȆ, ŰȌ HEC-RAS ɸȌȏ ŮǿȊŬȆ ɸȆȅŬȊȕŰŬŰŬ ŰȌ ɸȆȌ ŭȆŬŭŮŭȌȉǽȊȌ 

ȇŬȆ ŮɸǼȍȐŮȆ ůŮ ŮȇŭȕůŮȆȎ 1ǧ, 2ǧ ȇŬȆ 3ǧ, ŰȌ MIKE  FLOOD ɸȌȏ ŮǿȊŬȆ ǽȊŬ ɸŬȇǽŰȌ ŮȆŭȆȇǼ 

ůȐŮŭȆŬůȉǽȊȌ ȂȆŬ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ɸȈȄȉȉȏȍȆȇȗȊ űŬȆȊȌȉǽȊȒȊ. ǵǽȈȌȎ ȏɸǼȍȐŮȆ ȇŬȆ Ȅ 

ɸȈŬŰűȌȍȉŬ ȈȌȂȆůȉȆȇȌȖ TELEMAC-MASCARET, Ȅ ȌɸȌǿŬ ɸŮȍȆȈŬȉȁǼȊŮȆ ŭȆǼűȌȍŬ ȏɸȌȉȌȊŰǽȈŬ 

ɸȌȏ ȇŬȈȖɸŰȌȏȊ ǽȊŬ ȉŮȂǼȈȌ ŮȖȍȌȎ ŮűŬȍȉȌȂȗȊ. 

 

Ǫ ȁȆȁȈȆȌȂȍŬűȆȇǾ ǽȍŮȏȊŬ, ɸȌȏ ǽȂȆȊŮ ůŰŬ ɸȈŬǿůȆŬ ŰȄȎ ŭȆɸȈȒȉŬŰȆȇǾȎ ŮȍȂŬůǿŬȎ, ŬűȌȍǼ ŮȇŰȕȎ 

Ŭɸȕ ŰŬ ŭȆŬȅǽůȆȉŬ ǮǮ ȇŬȆ ŰȆȎ ŮȋȆůȗůŮȆȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ. ǮŮ ŰȄȊ ɸǼȍȌŭȌ ŰȒȊ ȐȍȕȊȒȊ ȉȆŬ 

ɸȈȄȅȗȍŬ Ŭɸȕ ŮȋȆůȗůŮȆȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ǽȐȌȏȊ ŬȊŬɸŰȏȐȅŮǿ ȉŮ ůȇȌɸȕ ŰȄȊ ɸȍȕȁȈŮȑȄ ŰȌȏ 

ȍȏȅȉȌȖ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ. Ǳ ȍȏȅȉȕȎ ŬȏŰȕȎ ŬűȌȍǼ ůȏȊŮȇŰȆȇȕ Ǿ ȉȄ ůȏȊŮȇŰȆȇȕ ǿȃȄȉŬ Ǿ ȉȆŬ 

ȉǿȋȄ ŬȏŰȗȊ. Ǫ ůȏȊȌȈȆȇǾ ůŰŮȍŮȌȉŮŰŬűȌȍǼ ȉɸȌȍŮǿ ȊŬ ŬȊŬȈȏȅŮǿ ůŮ 2 ůȏȊȆůŰȗůŮȎ, ŰȄȊ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼ ůŮ ůȖȍůȄ ȇŬȆ ŰȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼ ůŮ ŬȆȗȍȄůȄ. Ǫ ŰŮȈŮȏŰŬǿŬ ŮǿȊŬȆ ȇŬȆ Ȅ ɸȆȌ 

ůȄȉŬȊŰȆȇǾ ȂȆŬ ŰȄȊ ɸŮȍǿɸŰȒůȄ ŰȌȏ ȉȄ ůȏȊŮȇŰȆȇȌȖ ȆȃǾȉŬŰȌȎ, ŰȌ ȌɸȌǿȌ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ůŰȆȎ 

ɸȍȌůȌȉȌȆȗůŮȆȎ ŰȒȊ ȉȌȊŰǽȈȒȊ ŰȄȎ ŭȆɸȈȒȉŬŰȆȇǾȎ ŮȍȂŬůǿŬȎ. ǴŰȌȊ ǲǿȊŬȇŬ 1 ɸŬȍȌȏůȆǼȃȌȊŰŬȆ 
ȇǼɸȌȆŮȎ ȁŬůȆȇǽȎ ɸŬȍǼȉŮŰȍȌȆ ŰȒȊ ŮȋȆůȗůŮȒȊ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ, ȕɸȌȏ: ” Ȅ ɸȏȇȊȕŰȄŰŬ ŰȌȏ 

ȆȃǾȉŬŰȌȎ, ”  Ȅ ɸȏȇȊȕŰȄŰŬ ŰȌȏ ȊŮȍȌȖ, g Ȅ ŮɸȆŰǼȐȏȊůȄ ŰȄȎ ȁŬȍȖŰȄŰŬȎ, D50  Ȅ ŭȆǼȉŮŰȍȌȎ ŰȌȏ 

ȇȕȇȇȌȏ ȆȃǾȉŬŰȌȎ Ŭɸȕ ŰȄȊ ȌɸȌǿŬ ŰȌ 50% ŰȒȊ ȇȕȇȇȒȊ ŰȌȏ ŭŮǿȂȉŬŰȌȎ ǽȐŮȆ ȉȆȇȍȕŰŮȍȄ 

ŭȆǼȉŮŰȍȌ,Űb Ȅ ŭȆŬŰȉȄŰȆȇǾ ŰǼůȄ ɸȏȅȉǽȊŬ ȇŬȆ Ȋ Ȅ ȇȆȊȄȉŬŰȆȇǾ ůȏȊŮȇŰȆȇȕŰȄŰŬ. 

 

ǲǿȊŬȇŬȎ 1. ũŮȊȆȇǽȎ ɸŬȍǼȉŮŰȍȌȆ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ůŮ ɸȌŰǼȉȆȌ ɸŮȍȆȁǼȈȈȌȊ. 

ũŮȊȆȇǽȎ ǲŬȍǼȉŮŰȍȌȆ 

ǴȐŮŰȆȇǾ ɸȏȇȊȕŰȄŰŬ ῳ
” ”

”
 

ǥŭȆǼůŰŬŰȄ ŭȆǼȉŮŰȍȌȎ 

ȇȕȇȇȌȏ ȆȃǾȉŬŰȌȎ 
Ὀz

Ὣῳ

’
ȾὈ  

ǬȍǿůȆȉȄ ɸŬȍǼȉŮŰȍȌȎ 

Shields  

[ǲȍȌůǽȂȂȆůȄ ȇŬȉɸȖȈȄȎ 

Shields  ï  

Van  Rijn  (1993)]  

ȅcr=

ừ
Ử
Ừ

Ử
ứ

πȢςτ$ᶻ ȟρ $z τ

πȢρτ$ᶻ Ȣ ȟτ $z ρπ

πȢπτ$ᶻ Ȣȟ   τ $z ςπ

πȢπρσ$ᶻȢ ȟ   ςπ $z ρυπ
πȢπυυȟὈz ρυπ

 

[ Soulsby (1997) ]  —
πȢσ

ρ ρȢςὈz
πȢυυρ ÅØÐπȢπςὈz  

ǨɸȆűŬȊŮȆŬȇǾ ŰȍȆȁǾ ʈ= , ȕɸȌȏ ὅ ς
 

, k=0.40  (von Karman)  

ǵŬȐȏŰȄŰŬ ȇŬȅǿȃȄůȄȎ ȉȄ 

ůȏȊŮȇŰȆȇȌȖ ȆȃǾȉŬŰȌȎ 
Ws=

ừ
Ử
Ừ

Ử
ứ ȟὈ ρπάȟ

ρ πȢπρ ρȟρπ Ὀ ρπά 

ρȢρ ί ρὫὈ ȟ   Ὀ ρπά

  

Soulsby (1997)  ὡ
’

Ὀ
ρπȢσφ ρȢπτωὈz Ⱦ ρπȢσφ 

ǲŬȍǼȉŮŰȍȌȎ Shields  —
†

” ” ὫὈ
 

ǵŬȐȖŰȄŰŬ ŭȆǼŰȉȄůȄȎ Ὗz
†

”
 

 

ǴŰȄȊ ŮɸȕȉŮȊȄ ůŮȈǿŭŬ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ȉŮȍȆȇǽȎ ŮȏȍȖŰŬŰŬ ȐȍȄůȆȉȌɸȌȆȌȖȉŮȊŮȎ ŮȋȆůȗůŮȆȎ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ, ȇŬȅȗȎ ȇŬȆ ŰȌ ŮȖȍȌȎ ŮűŬȍȉȌȂǾȎ ŰȌȏȎ. Ǫ ůŰŮȍŮȌɸŬȍȌȐǾ Qb ŮȇűȍǼȃŮŰŬȆ 

ůŮ m 2/ s, ŮȊȗ ůŮ ȇǼɸȌȆŮȎ ɸŮȍȆɸŰȗůŮȆȎ ȏɸȌȈȌȂǿȃŮŰŬȆ ɸȍȗŰŬ Ȅ ŬŭȆŬůŰŬŰȌɸȌȆȄȉǽȊȄ ɸŬȍȌȐǾ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ūb. Ǫ ůŰŮȍŮȌɸŬȍȌȐǾ ȐȍȄůȆȉȌɸȌȆŮǿŰŬȆ ůŰȄ ůȏȊǽȐŮȆŬ ȂȆŬ ŰȄȊ ŮȇŰǿȉȄůȄ ŰȄȎ 

ŮȋǽȈȆȋȄȎ ɸȏȅȉǽȊŬ ȉǽůȒ ŰȄȎ ŮȋǿůȒůȄȎ Exner . 
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¶ ǨȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȆȃǾȉŬŰȌȎ ůŮ ůȖȍůȄ Rottner  (1959)  

ὗ ί ρὫὈ
ЍὟ ὠ

ί ρὫὈ
πȢπφφχ

Ὀ

Ὄ
Ⱦ πȢρτ πȢχχψ

Ὀ

Ὄ
 

 
¶ ǨȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȆȃǾȉŬŰȌȎ ůŮ ůȖȍůȄ Nielsen  (1992)  

ὗ ί ρὫὈ ( πȢπυ  

 

¶ ǨȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȆȃǾȉŬŰȌȎ ůŮ ůȖȍůȄ Meyer -Peter  & Muller  (1947)  

ūb=
πȟ‌’ — —

ψ— — Ⱦȟ‌’ — —
 

ὗ   Ὣί ρὈ  

 

¶ ǨȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȆȃǾȉŬŰȌȎ ůŮ ůȖȍůȄ Van  Rijn  (1993)  

ūb=
πȟ‌’ — —

πȢπυσὈz Ȣ Ȣȟ‌’ — —
 

ὗ   Ὣί ρὈ  

 

¶ ǨȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȆȃǾȉŬŰȌȎ ůŮ ůȖȍůȄ Schoklich  (1962)  

ή πȢςρὐ Ȣ ὫὈ , ȕɸȌȏ J Ȅ ȇȈǿůȄ ŮȊǽȍȂŮȆŬȎ 

ή ὌЍὟ ὠ  Ȅ ɸŬȍȌȐǾ 

Qb=
πȟ‌’ ή ή

Ȣ
ὐή ή ȟ‌’ ή ή

 

 

¶ ǨȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȆȃǾȉŬŰȌȎ ůŮ ůȖȍůȄ Cheng  (2002)  

  ρσȢπ—ȢÅØÐ 
πȢπυ

—Ȣ
 

ὗ   Ὣί ρὈ  

 

¶ ǨȋǿůȒůȄ ůȏȊȌȈȆȇǾȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ Karim -Kennedy  (1983) 

Qt= k1[ ]2.97( ᶻ)1.47 Ὣί ρὈ  ʝʌʋʑ k1=0.00139 

 

¶ ǨȋǿůȒůȄ ůȏȊȌȈȆȇǾȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ Engelund -Hansen   

ὗ πȢρ ί ρὫὈ   Ⱦὅ, ȕɸȌȏ CF Ȍ ůȏȊŰŮȈŮůŰǾȎ ŰȍȆȁǾȎ. 

 

Ǳ ɸŬȍŬȇǼŰȒ ɸǿȊŬȇŬȎ ɸŬȍȌȏůȆǼȃŮȆ ŰȌ ůȏȊȆůŰȗȉŮȊȌ ŮȖȍȌȎ ŮűŬȍȉȌȂȗȊ ŭȆŬűȕȍȒȊ ŮȋȆůȗůŮȒȊ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ůȏȉűȒȊŬ ȉŮ ŰȌȏȎ Karamisheva  et  al . (2006).  

 

ǲǿȊŬȇŬȎ 2. ǨȖȍȌȎ ŮűŬȍȉȌȂȗȊ ŮȋȆůȗůŮȒȊ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ (Karamisheva  et  al ., 2006).  

ǨȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ǦǼȅȌȎ (m)  ǬȈǿůȄ 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 



ix  

3. ɠ ʌʇɻʐʒʝʍʈɻ ʇʋɾʅʎʈʅʆʋʞ TELEMAC-MASCARET 
Ǫ ɸȈŬŰűȕȍȉŬ ȈȌȂȆůȉȆȇȌȖ TELEMAC-MASCARET ŮɸȆȈǽȐȅȄȇŮ ȂȆŬ ŰȄ ŭȆɸȈȒȉŬŰȆȇǾ ŮȍȂŬůǿŬ 

ȂȆŬŰǿ ɸȈȄȍȌǿ ŰŬ ȇȍȆŰǾȍȆŬ ɸȌȏ ŰǽȅȄȇŬȊ ɸȍȌȄȂȌȏȉǽȊȒȎ. ǲȍȕȇŮȆŰŬȆ ȂȆŬ ǽȊŬ ŬȊȌȆȇŰȕ ůȖůŰȄȉŬ 

Ŭɸȕ ŮɸȆȉǽȍȌȏȎ ȏɸȌȉȌȊŰǽȈŬ ɸȌȏ ȇŬȈȖɸŰȌȏȊ ǽȊŬ ȉŮȂǼȈȌ ŮȖȍȌȎ ŮűŬȍȉȌȂȗȊ ȇŬȆ ȁŬůǿȃŮŰŬȆ ůŮ 

ŭȆŬȇȍȆŰȌɸȌǿȄůȄ ȐȗȍȌȏ ɸŮɸŮȍŬůȉǽȊȒȊ ůŰȌȆȐŮǿȒȊ (FEM):  

¶ SISYPHE ŮǿȊŬȆ ŰȌ ȏɸȌȉȌȊŰǽȈȌ ůŰŮȍŮȌȉŮŰŬűȌȍŬȎ ȇŬȆ ŮȋǽȈȆȋȄȎ ɸȏȅȉǽȊŬ. 

¶ ǵȌ NESTOR ŬȋȆȌɸȌȆŮǿ ŰŬ ŭŮŭȌȉǽȊŬ Ŭɸȕ ȁȏȅȌȇȌȍǾůŮȆȎ ůŮ ɸȌŰŬȉȌȖȎ ȂȆŬ 

ɸȍȌůȌȉȌȆȗůŮȆȎ ȉŮŰŬȁȌȈȗ ŰȌȏ ɸȏȅȉǽȊŬ. 

¶ ǵȌ MASCARET 1 ŮǿȊŬȆ ŰȌ ȏŭȍȌŭȏȊŬȉȆȇȕ ȉȌȊŰǽȈȌ 1ǧ ȂȆŬ ɸȍȌůȌȉȌȆȗůŮȆȎ ȉŮ ŮȈŮȖȅŮȍȄ 

ŮɸȆűǼȊŮȆŬ  

¶ ǵȌ ARTEMIS  ȐȍȄůȆȉȌɸȌȆŮǿŰŬȆ ȂȆŬ ɸȍȌůȌȉȌȆȗůŮȆȎ ɸȌȏ ůȐŮŰǿȃȌȊŰŬȆ ȉŮ ŬȊŮȉȌȂŮȊǾ 

ȇȖȉŬŰŬ ůŮ ŬȇŰǽȎ ȇŬȆ ȈȆȉǽȊŮȎ. 

¶ ǵȌ TELEMAC-2D ŮǿȊŬȆ ŰȌ ȏŭȍȌŭȏȊŬȉȆȇȕ ȉȌȊŰǽȈȌ 2ǧ ɸȌȏ ȐȍȄůȆȉȌɸȌȆŮǿŰŬȆ ůŮ 

ɸȍȌůȌȉȌȆȗůŮȆȎ ɸȌȏ ȐŬȍŬȇŰȄȍǿȃȌȊŰŬȆ Ŭɸȕ ȉȆȇȍȕ ůŮ ůȐǽůȄ ȉŮ ŰȄȊ ŮɸȆűǼȊŮȆŬ ȁǼȅȌȎ. 

¶ ǵȌ TELEMAC-3D ȐȍȄůȆȉȌɸȌȆŮǿŰŬȆ ȂȆŬ ɸȍȌůȌȉȌȆȗůŮȆȎ ɸȌȏ ŬűȌȍȌȖȊ ůȐŮŰȆȇǼ ȉȆȇȍǾȎ 

ǽȇŰŬůȄȎ ɸŮȍȆȌȐǾ ȉŮȈǽŰȄȎ ůŰȆȎ ȌɸȌǿŮȎ ŭŮȊ ȉɸȌȍȌȖȊ ȊŬ ȐȍȄůȆȉȌɸȌȆȄȅȌȖȊ ŰŬ ȉǽůŬ 

ȇŬȅô ȖȑȌȎ ȉŮȂǽȅȄ. 

 

ũȆŬ ŰŬ ȉȌȊŰǽȈŬ ɸȌȏ ɸȍȌůȌȉȌȆȗȅȄȇŬȊ ůŰȄ ŭȆɸȈȒȉŬŰȆȇǾ ŮȍȂŬůǿŬ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ŰȌ 

SISYPHE ȂȆŬ ŰȄȊ ȉȌȊŰŮȈȌɸȌǿȄůȄ ŰȒȊ ŭȆŮȍȂŬůȆȗȊ ŰȄȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ/ŮȋǽȈȆȋȄȎ ɸȏȅȉǽȊŬ 

ǼȉŮůŬ ůȏȃŮȏȂȉǽȊȌ ȉŮ ŰȌ TELEMAC-2D ȂȆŬ ŰȌ ȏŭȍȌŭȏȊŬȉȆȇȕ ȇŬȅŮůŰȗȎ. 

 

Ǳ ȇȗŭȆȇŬȎ ŰȌȏ TELEMAC-2D ŮɸȆȈȖŮȆ ŰȌ ŬȇȕȈȌȏȅȌ ůȖůŰȄȉŬ ŭȆŬűȌȍȆȇȗȊ ŮȋȆůȗůŮȒȊ: 
‬Ὤ

‬ὸ
ό Ὤ ὬὨὭὺό Ὓ ǨȋǿůȒůȄ ůȏȊǽȐŮȆŬȎ (3.1)  

‬ό

‬ὸ
ό ό Ὣ

‬ὤ

‬ὼ
Ὓ

ρ

Ὤ
ὨὭὺὬὺ ό ǨȋǿůȒůȄ ŭȆŬŰǾȍȄůȄȎ ȌȍȉǾȎ ȇŬŰǼ x (3.2)  

‬ὺ

‬ὸ
ό ὺ Ὣ

‬ὤ

‬ώ
Ὓ

ρ

Ὤ
ὨὭὺὬὺ ὺ ǨȋǿůȒůȄ ŭȆŬŰǾȍȄůȄȎ ȌȍȉǾȎ ȇŬŰǼ y (3.3)  

‬Ὕ

‬ὸ
ό Ὕ Ὓ

ρ

Ὤ
ὨὭὺὬὺ Ὕ ǨȋǿůȒůȄ ŭȆŬŰǾȍȄůȄȎ ȆȐȊȌȅŮŰȗȊ (3.4)  

ȕɸȌȏ:  

¶ h (m) ŰȌ ȁǼȅȌȎ ȍȌǾȎ 

¶ u, v (m / s) ȌȆ ůȏȊȆůŰȗůŮȎ ŰȄȎ ŰŬȐȖŰȄŰŬȎ 

¶ t  (m / l or  oC) ɸŬȅȄŰȆȇȕȎ ȆȐȊȌȅǽŰȄȎ 

¶ g (m / s2) ŮɸȆŰǼȐȏȊůȄ ŰȄȎ ȁŬȍȖŰȄŰŬȎ 
¶ ὺ, ὺ (m 2/ s) ůŰŬȅŮȍǽȎ ȌȍȉǾȎ ȇŬȆ ȆȐȊȌȅǽŰȄ 

¶ Z (m) ůŰǼȅȉȄ ŮȈŮȖȅŮȍȄȎ ŮɸȆűǼȊŮȆŬȎ 

¶ t (s) ȐȍȕȊȌȎ 

¶ x, y (m) ȌȍȆȃȕȊŰȆŮȎ ůȏȊŰŮŰŬȂȉǽȊŮȎ 
¶  Ὓ (m / s) ɸȄȂǾ ŰȌȏ ȏȂȍȌȖ 

¶ Ὓ (m / s) ɸȄȂǾ ŰȌȏ ȆȐȊȄȅǽŰȄ 

¶ H, u and  T ŮǿȊŬȆ ȌȆ ǼȂȊȒůŰȌȆ 

 

ǴŮ ɸȍȌůȌȉȌȆȗůŮȆȎ ŬȍȂǼ ŮȋŮȈȆůůȕȉŮȊȒȊ űŬȆȊȌȉǽȊȒȊ, ȕɸȒȎ Ȅ ɸŬȍǼȇŰȆŬ ŭȆǼȁȍȒůȄ, ŰȌ 

ȉȌȍűȌȈȌȂȆȇȕ ȉȌȊŰǽȈȌ ŭŮȊ ŮǿȊŬȆ ůȏȃŮȏȂȉǽȊȌ ȉŮ ŰȌ ȏŭȍȌŭȏȊŬȉȆȇȕ, ůŮ ŬȊŰǿȅŮůȄ ȉŮ ŰŬ 

ɸȈȄȉȉȏȍȆȇǼ űŬȆȊȕȉŮȊŬ, ɸȌȏ Ȅ ŭȆǼȁȍȒůȄ ȂǿȊŮŰŬȆ ŰŬȏŰȕȐȍȌȊŬ ȉŮ ŰȄȊ ɸȍȌȗȅȄůȄ ŰȒȊ 

ȂȍǾȂȌȍȒȊ ŮɸȆűŬȊŮȆŬȇȗȊ ȍȌȗȊ. ǝȍȐȆȇǼ ȂǿȊŮŰŬȆ Ȍ ȏɸȌȈȌȂȆůȉȕȎ ŰȄȎ ůŰŮȍŮȌɸŬȍȌȐǾȎ ȇŬȆ ůŰȄ 

ůȏȊǽȐŮȆŬ ŰȌ SISYPHE ŮɸȆȈȖŮȆ ŰȄȊ ŮȋǿůȒůȄ Exner  ȂȆŬ ŰȄȊ ŮȋǽȈȆȋȄ ŰȌȏ ɸȏȅȉǽȊŬ: 

 

ρ ὴ
‬ὤ

‬ὸ

ὧ‏‬

‬ὸ

‬ήὸȟὼ

‬ὼ

‬ήὸȟώ

‬ώ
ὲ ὲ π (3.5)  

ȕɸȌȏ:   

¶ Zb Ȅ ůŰǼȅȉȄ ɸȏȅȉǽȊŬ 

¶ p ŰȌ ɸȌȍȗŭŮȎ ŰȌȏ ɸȏȅȉǽȊŬ 

¶ cb Ȅ ůȏȂȇǽȊŰȍȒůȄ ůŮ ǿȃȄȉŬ ŰȄȎ ůŰȍȗůȄȎ ȆȃǾȉŬŰȌȎ ůŮ ůȖȍůȄ 

 



x 

τȢ ɩʍʋʎʋʈʋʅʡʎʀʅʏ ʐʖʉ ʌʀʅʍɻʈʗʐʖʉ Yen & Lee (1995) 
ǵŬ ɸŮȆȍǼȉŬŰŬ ŰȒȊ Yen ȇŬȆ Lee (1995) ŮǿȊŬȆ Ŭɸȕ ŰŬ ɸȆȌ ȂȊȒůŰǼ ɸŮȆȍǼȉŬŰŬ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȇŬȆ ŮȋǽȈȆȋȄȎ ɸȏȅȉǽȊŬ ȇŬȆ ȉȌȊŰǽȈŬ ŰȌȏȎ ɸȍȌůȌȉȌȆȗȅȄȇŬȊ, ůŰŬ ɸȈŬǿůȆŬ 

ŰȄȎ ŭȆɸȈȒȉŬŰȆȇǾȎ ŮȍȂŬůǿŬȎ, ȂȆŬŰǿ ɸŬȍȌȏůȆǼȃȌȏȊ ŰŬ ŬȇȕȈȌȏȅŬ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ: 

1.  ǬŮȇȈȆȉǽȊȌ ȇŬȊǼȈȆ ȉŮ ȇŬȉɸȖȈȌ ŰȉǾȉŬ ȇŬȆ ŬȈȌȏȁȆŬȇǽȎ ŬɸȌȅǽůŮȆȎ ůŰȌȊ ɸȏȅȉǽȊŬ. 

2.  ǮŮŰŬȁŬȈȈȕȉŮȊȄ ȍȌǾ. 

3.  ǠȃȄȉŬ ȉŮ ůȏȂȇŮȇȍȆȉǽȊȄ ȇȌȇȇȌȉŮŰȍȆȇǾ ŭȆŬȁǼȅȉȆůȄ (ȉȄ ȌȉȌȆȕȉȌȍűȌ). 

 

ǵŬ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ɸȌȏ ŮɸȆȈǽȐȅȄȇŬȊ ɸȍȌůȌȉȌȆǼȃȌȏȊ ŮȇŮǿȊŬ ŰȒȊ ǰǲ. ǱȆ ȉȄȐŬȊȆůȉȌǿ ɸȌȏ 

ůȐŮŰǿȃȌȊŰŬȆ ȉŮ ŰȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼ ȇŬȆ ŰȄȊ ŮȋǽȈȆȋȄ ɸȏȅȉǽȊŬ ŮǿȊŬȆ ůŰȄȊ ɸȍŬȂȉŬŰȆȇȕŰȄŰŬ 

ɸȌȈȖ ɸȆȌ ůȖȊȅŮŰȌȆ Ŭɸȕ ŬȏŰȌȖȎ ůŮ ŮȏȅȖȂȍŬȉȉŬ ȇŬȊǼȈȆŬ, ȈȕȂȒ ŰȄȎ ŮȂȇǼȍůȆŬȎ ůȏȊȆůŰȗůŬȎ 

ŰȄȎ ȍȌǾȎ ůŮ ůŰȍȌűǽȎ ȇŬȆ ȇŬŰô ŮɸǽȇŰŬůȄ ŰȄȎ ŮȂȇǼȍůȆŬȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ. 

 

Ǫ ɸŮȆȍŬȉŬŰȆȇǾ ŭȆǼŰŬȋȄ ŬɸȌŰŮȈŮǿŰŬȆ Ŭɸȕ ǽȊŬ ȇŬȊǼȈȆ ɸȈǼŰȌȏȎ 1m, ȉŮ ŮȏȅȖȂȍŬȉȉŬ ŰȉǾȉŬŰŬ 

ȉǾȇȌȏȎ 11.5m  ŬȊǼȊŰȄ ȇŬȆ ȇŬŰǼȊŰȄ ŰȌȏ ȄȉȆȇȏȇȈǿȌȏ ȉŮ ŬȇŰǿȊŬ 4.5m. Ǫ ȇŬŰǼ ȉǾȇȌȎ ȇȈǿůȄ 

ŮǿȊŬȆ 0.2% ȇŬȆ Ȅ ŮȂȇǼȍůȆŬ 0 ůŰȄȊ ŬȍȐȆȇǾ űǼůȄ. Ǳ ɸȏȅȉǽȊŬȎ ŮǿȊŬȆ ůŰȍȒȉȉǽȊȌȎ ȉŮ 20cm  

ȆȃǾȉŬŰȌȎ ȉǽůȄȎ ŭȆŬȉǽŰȍȌȏ ȇȕȇȇȒȊ 1mm  ȇŬȆ ŰȏɸȆȇǾȎ ŬɸȕȇȈȆůȄȎ 2.5. ǬŬŰǼ ŰȄ ŭȆǼȍȇŮȆŬ ŰȌȏ 

ɸŮȆȍǼȉŬŰȌȎ ŰȌ ȇŬȊǼȈȆ ŭŮȊ ŮűȌŭȆǼȃŮŰŬȆ ȉŮ ŮɸȆɸȈǽȌȊ ǿȃȄȉŬ Ŭɸȕ ŰȄ ŭȆŬŰȌȉǾ ŮȆůȕŭȌȏ. ǥȍȐȆȇǼ Ȅ 

ɸŬȍȌȐǾ ȇŬȆ ŰȌ ȁǼȅȌȎ ȍȌǾȎ ŮȆůȕŭȌȏ ŮǿȊŬȆ ůŰŬȅŮȍǼ, 0.02m 3/ s ȇŬȆ 5.44 cm  ŬȊŰǿůŰȌȆȐŬ ȇŬȆ 

ůŰȄ ůȏȊǽȐŮȆŬ ŬȏŰǼ ŬȏȋǼȊȌȊŰŬȆ ȂȍŬȉȉȆȇǼ, ȉŮ ŰȄȊ ŮűŬȍȉȌȂǾ ŮȊȕȎ ȏŭȍȌȂȍŬűǾȉŬŰȌȎ ůŰȄ 

ŭȆŬŰȌȉǾ ŮȆůȕŭȌȏ, ŮȊȗ ǽɸŮȆŰŬ ȉŮȆȗȊȌȊŰŬȆ ȋŬȊǼ ȉǽȐȍȆ ȊŬ űŰǼůȌȏȊ ŰȆȎ ŬȍȐȆȇǽȎ ŰȆȉǽȎ. ǵŬ 

ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ŰȒȊ 5 ɸŮȆȍŬȉǼŰȒȊ ɸȌȏ ŭȆŮȊŮȍȂǾȅȄȇŬȊ Ŭɸȕ ŰȌȏȎ Yen ȇŬȆ Lee (1995) 

ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰȌȊ ɸŬȍŬȇǼŰȒ ɸǿȊŬȇŬ. Ǫ ŬŭȆŬůŰŬŰȌɸȌȆȄȉǽȊȄ, ȉŮ ŰȌ ŬȍȐȆȇȕ ȁǼȅȌȎ ȍȌǾȎ, 

ȉŮŰŬȁȌȈǾ ŰȌȏ ɸȏȅȉǽȊŬ ȉŮŰȍǾȅȄȇŮ ȇŬȆ ɸŬȍȌȏůȆǼůŰȄȇŬȊ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ůŰȆȎ ŭȆŬŰȌȉǽȎ 

ȉǽȂȆůŰȄȎ ŭȆǼȁȍȒůȄȎ ȇŬȆ ŬɸȕȅŮůȄȎ (ǲǿȊŬȇŬȎ 4 ȇŬȆ ǲǿȊŬȇŬȎ 5).  

 

ǲǿȊŬȇŬȎ 3. ǷŬȍŬȇŰȄȍȆůŰȆȇǼ ŰȒȊ 5 ɸŮȆȍŬȉǼŰȒȊ ŰȒȊ Yen ȇŬȆ 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  

 

ǲǿȊŬȇŬȎ 4. ǥŭȆŬůŰŬŰȌɸȌȆȄȉǽȊȄ ȉŮŰŬȁȌȈǾ ɸȏȅȉǽȊŬ ůŰȄ ȅǽůȄ ȉǽȂȆůŰȄȎ ŮɸǿȐȒůȄȎ. 

Run Section  
r/r c 

0.900  0.913  0.925  0.950  0.975  1.000  1.025  1.050  1.075  1.088  1.100  

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

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

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

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

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

 

ǲǿȊŬȇŬȎ 5. ǥŭȆŬůŰŬŰȌɸȌȆȄȉǽȊȄ ȉŮŰŬȁȌȈǾ ɸȏȅȉǽȊŬ ůŰȄ ȅǽůȄ ȉǽȂȆůŰȄȎ ŭȆǼȁȍȒůȄȎ. 

Run 
r/r c 

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  

 

ǷȍȄůȆȉȌɸȌȆǾȅȄȇŬȊ ŭȆǼűȌȍŬ ȉȌȊŰǽȈŬ ȂȆŬ ŰȆȎ ɸȍȌůȌȉȌȆȗůŮȆȎ ŰȒȊ ɸŮȆȍŬȉǼŰȒȊ ŰȒȊ Yen & 

Lee (1995). ǥȋȆȌɸȌȆǾȅȄȇŬȊ ȕȈŮȎ ȌȆ ŭȆŬȅǽůȆȉŮȎ Ŭɸȕ ŰȌ ȈȌȂȆůȉȆȇȕ ŮȋȆůȗůŮȆȎ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȇŬȆ ɸȍȌůŰǽȅȄȇŬȊ 7 ŬȇȕȉŬ, ůŮ ȂȈȗůůŬ FORTRAN. ǥȍȐȆȇǼ ŭȌȉǾȅȄȇŬȊ 12 

ȉȌȊŰǽȈŬ ȉŮ ȆůǼȍȆȅȉŮȎ ŮȋȆůȗůŮȆȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȇŬȆ ȉŮ ŬȏŰǼ ɸȍȌůȌȉȌȆȗȅȄȇŮ ŰȌ ɸŮǿȍŬȉŬ 

4 ( Run-4) ȉŮ ǿȃȄȉŬ ȌȉȌȆȕȉȌȍűȄȎ ȇȌȇȇȌȉŮŰȍǿŬȎ. ǵŬ 6 Ŭɸȕ ŬȏŰǼ ɸȌȏ ǽŭȒůŬȊ ŰŬ ȇŬȈȖŰŮȍŬ 

ŬɸȌŰŮȈǽůȉŬŰŬ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŬȊ ȂȆŬ ŰȆȎ ɸȍȌůȌȉȌȆȗůŮȆȎ ȇŬȆ ŰȒȊ 5 ɸŮȆȍŬȉǼŰȒȊ ȉŮ ȉȄ 

ȌȉȌȆȕȉȌȍűȌ ǿȃȄȉŬ. 



xi  

ǞȊŬ ůȄȉŬȊŰȆȇȕ ȇȌȉȉǼŰȆ ŰȒȊ ɸȍȌůȌȉȌȆȗůŮȒȊ ŬȏŰȗȊ ŰȒȊ ȉȌȊŰǽȈȒȊ ǾŰŬȊ ŰȌ ȇŬȈȆȉɸȍǼȍȆůȉǼ 

ŰȌȏȎ, ȌȖŰȒȎ ȗůŰŮ ȊŬ ȈŬȉȁǼȊŮŰŬȆ ȏɸȕȑȄ Ȅ ŮȂȇǼȍůȆŬ ůȏȊȆůŰȗůŬ ŰȄȎ ŰŬȐȖŰȄŰŬȎ ȇŬȆ Ȅ 

ŮȂȇǼȍůȆŬ ůŰŮȍŮȌȉŮŰŬűȌȍǼ. ǵŬ 2ǧ ȉȌȊŰǽȈŬ ȏůŰŮȍȌȖȊ ůŮ ŬȏŰȕ ŰȌ ůȄȉŮǿȌ ȂȆŬŰȆ ȅŮȒȍȌȖȊ 

ȉǽůŮȎ ȇŬȅô ȖȑȌȎ ŰȆȉǽȎ ŰȒȊ ȉŮȂŮȅȗȊ. ũȆô ŬȏŰȕ ŰȌȊ ȈȕȂȌ ȂǿȊŮŰŬȆ ŭȆȕȍȅȒůȄ, ŰȕůȌ ȒȎ ɸȍȌȎ ŰȄ 

ŭȆŮȖȅȏȊůȄ ŰȄȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ, ȕůȌ ȇŬȆ ȒȎ ɸȍȌȎ ŰȌȊ ȍȏȅȉȕ ŰȄȎ. ǨɸȆȈǽȐȅȄȇŮ Ȅ 

ɸȍȌůǽȂȂȆůȄ Talmon  et  al. ȂȆŬ ŰȄ ŭȆŮȖȅȏȊůȄ ŰȄȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȇŬȆ ŮȇŮǿȊȄ ŰȒȊ Koch  & 

Flokstra  ȂȆŬ ŰȌȊ ȍȏȅȉȕ ŰȄȎ. Ǫ ɸŬȍǼȉŮŰȍȌȎ ǥ ŰȄȎ ŭŮȏŰŮȍŮȖȌȏůŬȎ ȍȌǾȎ ůŰȌ ȏŭȍȌŭȏȊŬȉȆȇȕ 

ȉȌȊŰǽȈȌ ŮɸȆȈǽȐȅȄȇŮ 12 ȇŬȆ Ȅ ɸŬȍǼȉŮŰȍȌȎ ȁ2 ȂȆŬ ŰȄ ŭȆȕȍȅȒůȄ ŰȄȎ ŭȆŮȖȅȏȊůȄȎ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ŮɸȆȈǽȐȅȄȇŮ 1.6 (A. Mendoza  et  al ., 2017) . ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ȉŮ ŬȏŰǽȎ 

ŰȆȎ ɸŬȍŬȉǽŰȍȌȏȎ ǾŰŬȊ ŮȊȅŬȍȏȊŰȆȇǼ ȇŬȆ ȂȆŬ ŰȌ 4Ȍ ɸŮǿȍŬȉŬ ůȏȂȇŮȇȍȆȉǽȊŬ ȇŬȈǾ ŮȇŰǿȉȄůȄ 

ǽŭȒůŮ ŰȌ ȉȌȊŰǽȈȌ ȉŮ ŰȄȊ ŮȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ Van  Rijn  (1989) . ǴŰȄȊ ǨȆȇȕȊŬ 2 ŰŬ 

ŬɸȌŰŮȈǽůȉŬŰŬ ůȏȂȇȍǿȊȌȊŰŬȆ ȉŮ ŮȇŮǿȊŬ ɸȍȌůȌȉȌǿȒůȄȎ ȉŮ ȌȉȌȆȕȉȌȍűȌ ǿȃȄȉŬ 1mm  (Villaret  

et  al ., 2013) , ŰȄ ȉǽȅȌŭȌ ŰȌȏ Engelund  (1974) ȂȆŬ ŰȄȊ ŮɸǿŭȍŬůȄ ŰȄȎ ŭŮȏŰŮȍŮȖȌȏůŬȎ ȍȌǾȎ 

ȇŬȆ ŰȄȊ ŮȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ŰȒȊ Meyer -Peter  & Mueller .  

 

  
ǨȆȇȕȊŬ 2 .  ǴȖȂȇȍȆůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ȉȌȊŰǽȈȌȏ ȉŮ ŮȋǿůȒůȄ Van  Rijn  (1989)  ȇŬȆ 

ȉȌȊŰǽȈȌȏ ȉŮ ŮȋǿůȒůȄ Meyer -Peter  & Mueller  (Villaret  et  al ., 2013)  ůŰȆȎ ȅǽůŮȆȎ ȉǽȂȆůŰȄȎ 

ŬɸȕȅŮůȄȎ (ŬȍȆůŰŮȍǼ) ȇŬȆ ȉǽȂȆůŰȄȎ ŭȆǼȁȍȒůȄȎ (ŭŮȋȆǼ) ȉŮ ŰŬ ɸŮȆȍŬȉŬŰȆȇǼ ŭŮŭȌȉǽȊŬ. 

 

Ǫ ŭȆŮȍŮȖȊȄůȄ ŬűȌȍȌȖůŮ ŰȆȎ ŭȆŬȅǽůȆȉŮȎ Ŭɸȕ ŰȌ ȈȌȂȆůȉȆȇȕ ŮȋȆůȗůŮȆȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ: 

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

& Chollet -Cunge. ǴŮ ŬȏŰǽȎ ɸȍȌůŰǽȅȄȇŬȊ ȌȆ: Cheng , Karim -Kennedy , Ackers -White , 

Frijlink , Yag Lim , Nielsen  ȇŬȆ Reid. Ǫ Engelund -Hansen  & Chollet -Cunge  ǽŭȒůŮ ŰŬ 

ȇŬȈȖŰŮȍŬ ŬɸȌŰŮȈǽůȉŬŰŬ ůŰȆȎ ɸȍȌůȌȉȌȆȗůŮȆȎ ȉŮ ȌȉȌȆȕȉȌȍȌ ǿȃȄȉŬ. ǥȊŰǿȅŮŰŬ ůŰȆȎ 

ɸȍȌůȌȉȌȆȗůŮȆȎ ȉŮ ȉȄ ȌȉȌȆȕȉȌȍűȌ ǿȃȄȉŬ ȇŬȈǼ ŬɸȌŰŮȈǽůȉŬŰŬ ǽŭȒůŬȊ ȌȆ Meyer -Peter  & 

Mueller , Van  Rijn , Cheng , ȇŬȆ Reid. ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȒȊ ŭȖȌ ŰŮȈŮȏŰŬǿȒȊ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ 

ůŰȄȊ ǨȆȇȕȊŬ 3. 

 

  
ǨȆȇȕȊŬ 3 .  ǱȆ ȆůȌȔȑŮǿȎ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ȉŮŰŬȁȌȈǾȎ ȖȑȌȏȎ ɸȏȅȉǽȊŬ Ŭɸȕ ŰŬ ȉȌȊŰǽȈŬ 

ŰȒȊ ŮȋȆůȗůŮȒȊ Cheng  ȇŬȆ Reid  ůŮ ůȐǽůȄ ȉŮ ŰŬ ɸŮȆȍŬȉŬŰȆȇǼ ŭŮŭȌȉǽȊŬ ȂȆŬ ŰȌ ǲŮǿȍŬȉŬ-1.  



xii  

υȢ ɯɻʍɻʆʐʂʍʅʎʐʅʆʗ ʐʂʏ ʌʇʂʈʈʞʍɻʏ ʐʂʏ ɥʗʉɿʍɻʏ 
Ǫ ɸȕȈȄ ŰȄȎ ǮǼȊŭȍŬȎ ȁȍǿůȇŮŰŬȆ ůŰȌ ŪȍȆǼůŮȆȌ ǲŮŭǿȌ, ůŰȄ ǧȏŰȆȇǾ ǥŰŰȆȇǾ ȇŬȆ ɸŮȍȆȁǼȈȈŮŰŬȆ 

Ŭɸȕ ŰȄȊ ǲǼȍȊȄȅŬ ůŰȌ ȁȌȍȍǼ, ŰȌ ȕȍȌȎ ǥȆȂǼȈŮȒ ŬȊŬŰȌȈȆȇǼ, ŰȌ ȕȍȌȎ ǲŬŰǽȍŬȎ ŭȏŰȆȇǼ ȇŬȆ ŰȄȊ 

ɸŬȍŬȈǿŬ ŰȄȎ ǨȈŮȏůǿȊŬȎ ůŰȌ ȊȕŰȌ. ǥɸȌŰŮȈŮǿ ŰȄȊ ǽŭȍŬ ŰȌȏ ŭǾȉȌȏ ǮǼȊŭȍŬȎ-ǨȆŭȏȈȈǿŬȎ, ȉŮ 

ŮɸȆűǼȊŮȆŬ 426197 km 2 ȇŬȆ 17885 ȉȕȊȆȉȌȏȎ ȇŬŰȌǿȇȌȏȎ ůȖȉűȒȊŬ ȉŮ ŰȄȊ ŰŮȈŮȏŰŬǿŬ 

ŬɸȌȂȍŬűǾ (ǨȈȈȄȊȆȇǾ ǴŰŬŰȆůŰȆȇǾ ǥȍȐǾ, 2011). ǦȍǿůȇŮŰŬȆ ůŮ ȈŮȇǼȊȄ ŬɸȌȍȍȌǾȎ ǽȇŰŬůȄȎ 

ɸŮȍǿɸȌȏ 75 km 2, ŰȄȊ ȌɸȌǿŬ ŭȆŬŰȍǽȐȌȏȊ ŭȆǼűȌȍŬ ȍǽȉŬŰŬ, ŰŬ ȌɸȌǿŬ ůȏȂȇȈǿȊȌȏȊ ůŰŬ 2 ȇȖȍȆŬ, 

ŰȌ ǴȌȖȍŮȎ ȇŬȆ ŰȄȊ ǥȂǿŬ ǥȆȇŬŰŮȍǿȊȄ, ȉŮ ȈŮȇǼȊŮȎ ŬɸȌȍȍȌǾȎ 23 ȇŬȆ 22km 2 ŬȊŰǿůŰȌȆȐŬ. Ǫ 

ȇȌǿŰȄ ŰȒȊ ȍŮȉǼŰȒȊ ǽȐŮȆ ȏɸȌůŰŮǿ ŮȇŰŮŰŬȉǽȊŮȎ ȉȌȍűȌȈȌȂȆȇǽȎ ŬȈȈȌȆȗůŮȆȎ ŰȆȎ ŰŮȈŮȏŰŬǿŮȎ 

ŭŮȇŬŮŰǿŮȎ, ȉŮ ůȏȊǽɸŮȆŬ ŰȄ ȉŮǿȒůȄ ŰȄȎ ɸŬȍȌȐŮŰŮȏŰȆȇȕŰȄŰǼȎ ŰȌȏȎ. 

 

Ǫ ůȏȐȊȕŰȄŰŬ ŮȉűǼȊȆůȄȎ ɸȈȄȉȉȏȍȆȇȗȊ űŬȆȊȌȉǽȊȒȊ ůŰȄȊ ɸŮȍȆȌȐǾ ŰȄȎ ǮǼȊŭȍŬȎ ȇŬȆ Ȅ 

ŬȊǼȂȇȄ ȉŮŰȍȆŬůȉȌȖ ŰȒȊ ŮɸȆɸŰȗůŮȗȊ ŰȌȏȎ ůŰȄ ŰȌɸȆȇǾ ȇȌȆȊȒȊǿŬ, ȌŭǾȂȄůŬȊ ůŰȄȊ ŮȇɸȕȊȄůȄ 

ŰȄȎ ŰŮȈȆȇǾȎ ȉŮȈǽŰȄȎ ŰȒȊ ǽȍȂȒȊ ŬȊŰȆɸȈȄȉȉȏȍȆȇǾȎ ɸȍȌůŰŬůǿŬȎ ŰȌȊ ǫȌȖȈȆȌ ŰȌȏ 2012. ǱȆ 

ɸŮȍȆȁŬȈȈȌȊŰȆȇȌǿ ȕȍȌȆ ŰȄȎ ȉŮȈǽŰȄȎ ŮȂȇȍǿȅȄȇŬȊ 2 ȐȍȕȊȆŬ ŬȍȂȕŰŮȍŬ, ŰȌȊ ǫȌȖȈȆȌ ŰȌȏ 2014 ȇŬȆ 

ȌȆ ȇȌǿŰŮȎ ŰȒȊ ȍŮȉǼŰȒȊ ȌȍȆȌȅŮŰǾȅȄȇŬȊ ŰȌȊ ǫŬȊȌȏǼȍȆȌ ŰȌȏ 2016. ǵŬ ǽȍȂŬ ŬȏŰǼ 

ŬɸȌŰŮȈȌȖȊŰŬȆ Ŭɸȕ:  

1.  ŰȄ ŭȆŮȏȅǽŰȄůȄ ŰȌȏ ȍǽȉŬŰȌȎ ǴȌȖȍŮȎ (ȉǾȇȌȎ 1.74 km, ɸŬȍȌȐǾ ůȐŮŭȆŬůȉȌȖ 91-125 

m 3/ s ȇŬȆ ŭȆŬŰȌȉǾ 24.0-34.4 m 2)  

2.  ŰȄ ȉŮȍȆȇǾ ŮȇŰȍȌɸǾ ŰȌȏ ȍ. ǥȂǿŬȎ ǥȆȇŬŰŮȍǿȊȄȎ ɸȍȌȎ ŰȌ ȍ. ǴȌȖȍŮȎ (ȉǾȇȌȎ 1.52 km , 

ɸŬȍȌȐǾ ůȐŮŭȆŬůȉȌȖ 47 m 3/ s ȇŬȆ ŭȆŬŰȌȉǾ 12.5-24.0 m 2). ǬŬŰǼȊŰȄ ŰȄȎ ŮȇŰȍȌɸǾȎ, Ȅ 

ǥȂǿŬ ǥȆȇŬŰŮȍǿȊȄ ȉŮŰǼ Ŭɸȕ ǽȊŬ ȏɸȌȂŮȆȌɸȌȆȄȉǽȊȌ ŰȉǾȉŬ (ȉǾȇȌȎ 2.27 km, ɸŬȍȌȐǾ 10 

m 3/ s ȇŬȆ ŭȆŬŰȌȉǾ 3.4 m 2) ŮȇȁǼȈŮȆ ůŰȌ ȍ. ǴȌȖȍŮȎ. ǵȌ ȍ. ǴȌȏȍŮȎ ŭȆǽȍȐŮŰŬȆ Ŭɸȕ ŰȌ 

ȏɸǼȍȐȌȊ ŭȆŮȏȅŮŰȄȉǽȊȌ ŰȉǾȉŬ ŰȌȏ ȉŮ ŭǿŭȏȉȌ ȇŬȊǼȈȆ (4.0X3.0 m 2).  

 

Ǫ ȁȍȌȐȕɸŰȒůȄ ɸȌȏ ɸȍȌȋǽȊȄůŮ ŰȄȊ ǰǲ ŰȄȎ 15ȄȎ ǯȌŮȉȁȍǿȌȏ 2017 ȋŮȇǿȊȄůŮ Ŭɸȕ ŰȌ 

ŬɸȕȂŮȏȉŬ ŰȄȎ 14ȄȎ ȇŬȆ ȇȌȍȏűȗȅȄȇŮ ŰȆȎ ɸȍȗŰŮȎ ɸȍȒȆȊǽȎ ȗȍŮȎ. ǥȍȐȆȇǼ ǾŰŬȊ ǾɸȆŬȎ ǽȊŰŬůȄȎ, 

ȒůŰȕůȌ ȇŬŰǼ ŰȄ ŭȆǼȍȇŮȆŬ ŰȄȎ ȊȖȐŰŬȎ ŮȇŭȄȈȗȅȄȇŬȊ ȇŬŰŬȆȂǿŭŮȎ ȁȕȍŮȆŬ ŰȄȎ ǮǼȊŭȍŬȎ ȇŬȆ ŰȄȎ 

ǯǽŬȎ ǲŮȍǼȉȌȏ, ɸȌȏ ŭȆǾȍȇȄůŬȊ ɸŮȍǿɸȌȏ 8 h. Ǫ ȁȍȌȐȕɸŰȒůȄ ȋŮɸǽȍŬůŮ ŰŬ 200 mm  ȉǽůŬ ůŮ 

6 h, ŰȌ ȉŮȂŬȈȖŰŮȍȌ ȉǽȍȌȎ ŰȄȎ ȌɸȌǿŬȎ ȉŮŰŬȋȖ 5:00 ȇŬȆ 8:00, ůȖȉűȒȊŬ ȉŮ ŰȌ ǨȅȊȆȇȕ 

ǥůŰŮȍȌůȇȌɸŮǿȌ ǥȅȄȊȗȊ. ǱȆ ɸŬȍȌȐǽȎ ŮȇŰȆȉǾȅȄȇŮ ȕŰȆ ŬȊŰȆůŰȌȆȐȌȖȊ ůŮ ȁȍȌȐȕɸŰȒůȄ ȉŮ 

ɸŮȍǿȌŭȌ ŮɸŬȊŬűȌȍǼȎ 50 ȐȍȕȊȒȊ. ǞȊŬ Ŭɸȕ ŰŬ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ŰȌȏ űŬȆȊȌȉǽȊȌȏ ŮǿȊŬȆ Ȅ 

ǽȊŰȌȊȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼ ɸȌȏ ɸŬȍŬŰȄȍǾȅȄȇŮ, ȈȕȂȒ ŰȄȎ ŭȆǼȁȍȒůȄȎ ŰȒȊ ŬȈȈȌȏȁȆŬȇȗȊ 

ŬɸȌȅǽůŮȒȊ ɸȌȏ ŮǿȐŬȊ ůȏůůȒȍŮȏŰŮǿ ůŰȌ ŰȉǾȉŬ ŰȄȎ ȈŮȇǼȊȄȎ ŬɸȌȍȍȌǾȎ ŬȊǼȊŰȄ ŰȄȎ ǮǼȊŭȍŬȎ 

(E. Lekkas  et  al., 2017). ǱȆ ŭȏůȉŮȊŮǿȎ ŮɸȆɸŰȗůŮȆȎ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ȌűŮǿȈȌȊŰŬȆ ŮȇŰȕȎ Ŭɸȕ ŰȄ 

ŭȍȆȉȖŰȄŰŬ ŰȒȊ ȇŬȆȍȆȇȗȊ űŬȆȊȌȉǽȊȒȊ ȇŬȆ ůŰȄȊ ȉŮȂǽȅȏȊůȄ ŰȄȎ ɸȕȈȄȎ ŰȄȎ ǮǼȊŭȍŬȎ, Ȅ ȌɸȌǿŬ 

ŬȊŬɸŰȖȐȅȄȇŮ ȇǼȅŮŰŬ ůŰȄ ŭȆŮȖȅȏȊůȄ ŰȒȊ ȍŮȉǼŰȒȊ.Ǫ ɸŮȍȆȌȐǾ ǽȐŮȆ ɸȈȄȂŮǿ Ŭɸȕ ɸȈȄȉȉȏȍȆȇǼ 

űŬȆȊȕȉŮȊŬ ȉȆȇȍȕŰŮȍȄȎ ȇȈǿȉŬȇŬȎ ŬȍȇŮŰǽȎ űȌȍǽȎ, ȉŮ ɸȆȌ ɸȍȕůűŬŰȄ ŮȇŮǿȊȄ ŰȌȏ ǫȌȏȊǿȌȏ ŰȌȏ 

2018. ǴȖȉűȒȊŬ ȉŮ ŰȌȏȎ ȇŬŰȌǿȇȌȏȎ, ȌȆ ɸȈȄȉȉȏȍȆȇǽȎ ȍȌǽȎ ŰȄȎ ȉŮȂǼȈȄȎ ɸȈȄȉȉȖȍŬȎ ŰȌȏ 

ǯȌǽȉȁȍȄ ŰȌȏ 2017 ǽűŰŬůŬȊ ůŰŬ ȕȍȆŬ ŰȄȎ ɸȕȈȄȎ, ȉŮ ǽȊŰȌȊȄ ŰȄȊ ɸŬȍȌȏůǿŬ űŮȍŰȗȊ, ȂȖȍȒ 

ůŰȆȎ 6:00 ɸ.ȉ.. 

 

Ǫ ȌȉǼŭŬ ɸȌȏ ŬůȐȌȈǾȅȄȇŮ ȉŮ ŰȄ ȉŮȈǽŰȄ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ŰȄȎ ǮŬȊŭȍŬȎ, ŬɸȌŰŮȈȌȖȉŮȊȄ Ŭɸȕ 

ɸȍȌɸŰȏȐȆŬȇȌȖȎ ȇŬȆ ȉŮŰŬɸŰȏȐȆŬȇȌȖȎ űȌȆŰȄŰǽȎ ŰȄȎ Ǵ.ǲ.Ǯ. Ǩ.Ǯ.ǲ., ŮɸȆůȇǽűŰȄȇŮ 4 űȌȍǽȎ ŰȄȊ 

ɸŮȍȆȌȐǾ, ŰȌ űȅȆȊȕɸȒȍȌ ŰȌȏ 2018. ǱȆ ɸȍȗŰŮȎ 2 ŮɸȆůȇǽȑŮȆȎ ǽȂȆȊŬȊ ȂȆŬ ŰȄ ůȏȈȈȌȂǾ 

ɸȈȄȍȌűȌȍȆȗȊ ŬɸŬȍŬǿŰȄŰȒȊ ȂȆŬ ŰȌ ǮǮ ɸȌȏ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ȂȆŬ ŰȆȎ ɸȍȌůȌȉȌȆȗůŮȆȎ. ǲȆȌ 

ůȏȂȇŮȇȍȆȉǽȊŬ ȉŮŰȍǾȅȄȇŬȊ ŰŬ ɸȈǼŰȄ ŰȒȊ ȇȌȆŰȗȊ, ȌȆ ŭȆŬůŰǼůŮȆȎ ŰȒȊ ȌȐŮŰȗȊ, ŬȈȈǼ ȇŬȆ ȌȆ 

ȉǽȂȆůŰŮȎ ůŰǼȅȉŮȎ ŰȒȊ ɸȈȄȉȉȏȍȆȇȗȊ ȍȌȗȊ. ǱȆ ŰŮȈŮȏŰŬǿŮȎ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŬȊ ȂȆŬ ŰȄȊ 

ŮɸȆȁŮȁŬǿȒůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȌȏ ȏŭȍȌŭȏȊŬȉȆȇȌȖ ȉȌȊŰǽȈȌȏ ȇŬȆ Ȅ ȉǽŰȍȄůǾ ŰȌȏȎ ǾŰŬȊ 

ŮűȆȇŰǾ ȉǾȊŮȎ ȉŮŰǼ ŰȄȊ ɸȈȄȉȉȖȍŬ ȈȕȂȒ ŰȄȎ ȖɸŬȍȋȄȎ ȈŮɸŰȕȇȌȇȇȌȏ ȆȃǾȉŬŰȌȎ ɸȌȏ ǼűȄůŮ 

ǿȐȊȄ ůŰȌȏȎ ŰȌǿȐȌȏȎ ŰȄȎ ɸȕȈȄȎ. ǱȆ 2 ŰŮȈŮȏŰŬǿŮȎ ŮɸȆůȇǽȑŮȆȎ ǽȂȆȊŬȊ ȂȆŬ ŰȄȊ ŭȆŬȊȌȉǾ ȇŬȆ 

ůȏȈȈȌȂǾ ŮȍȒŰȄȉŬŰȌȈȌȂǿȒȊ, ůȐŮŰȆȇȗȊ ȉŮ ŰȌ ůȐŮŭȆŬůȉȕ ŮȊȕȎ ǴȏůŰǾȉŬŰȌȎ ǞȂȇŬȆȍȄȎ 

ǲȍȌŮȆŭȌɸȌǿȄůȄȎ ůŰȄȊ ɸŮȍȆȌȐǾ. 

 

 

 

 



xiii  

φȢ ɬʋ ɥɥ ʐʂʏ ʌʇʂʈʈʞʍɻʏ ʐʂʏ ɥʗʉɿʍɻʏ 
ǵȌ ȏɸȌȈȌȂȆůŰȆȇȕ ɸȈǽȂȉŬ ɸȌȏ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ȂȆŬ ŰȌ ȉȌȊŰǽȈȌ ŰȄȎ ǮǼȊŭȍŬȎ ŬɸȌŰŮȈŮǿŰŬȆ 

Ŭɸȕ 85753 ůȄȉŮǿŬ ȇŬȆ 167051 ŰȍȆȂȒȊȆȇǼ ůŰȌȆȐŮǿŬ. ǲŬȍǼȐȅȄȇŮ ȉǽůȒ ŰȌȏ ȈȌȂȆůȉȆȇȌȖ Blue  

Kenue . ǵȌ Blue  Kenue  ŭȆŬȅǽŰŮȆ 2 ŮɸȆȈȌȂǽȎ ȂȆŬ ȏɸȌȈȌȂȆůŰȆȇǼ ɸȈǽȂȉŬŰŬ: ŰȌ T3 Mesh  

Generator  ȇŬȆ ŰȌ T3 Channel  Mesher . ǵȌ ŰŮȈŮȏŰŬǿȌ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ȂȆŬ ŰȄȊ ɸŬȍŬȂȒȂǾ 

ŰȒȊ ȏɸȌȈȌȂȆůŰȆȇȗȊ ɸȈŮȂȉǼŰȒȊ ŰȒȊ 2 ȍŮȉǼŰȒȊ, ŰŬ ȌɸȌǿŬ ůŰȄ ůȏȊǽȐŮȆŬ ŮȊȌɸȌȆǾȅȄȇŬȊ ȉŮ ŰȌ 

ŮȋȒŰŮȍȆȇȕ ɸȈǽȂȉŬ, ȉǽůȒ ŰȌȏ T3 Mesh  Generator . ǴŰȄ ůȏȊǽȐŮȆŬ, ǽȂȆȊŮ ŮȊůȒȉǼŰȒůȄ ŮȊȕȎ 

ŬȍȐŮǿȌȏ ȏȑȌȉǽŰȍȒȊ ůŰȌ ȏɸȌȈȌȂȆůŰȆȇȕ ɸȈǽȂȉŬ, ȇŬȅȗȎ ȇŬȆ ǽȊȕȎ ŬȍȐŮǿȌȏ ŮɸȆűŬȊŮȆŬȇǾȎ 

ŰȍŬȐȖŰȄŰŬȎ ɸȌȏ ȁŬůǿůŰȄȇŮ ůŮ ȐǼȍŰŮȎ ȇǼȈȏȑȄȎ ȂȄȎ (Corine  Land  Cover ). ǴŰȌ ȉȌȊŰǽȈȌ 

ǽȂȆȊŮ ȇŬȆ ŮȆůŬȂȒȂǾ ŬȍȐŮǿȌȏ ȉŮ ŰŬ ŰŮȐȊȆȇǼ ǽȍȂŬ ɸȌȏ ůȐŮŰǿȃȌȊŰŬȆ ȉŮ ŰȄȊ ɸŬȍȌȐŮȖŰŮȏůȄ ŰȒȊ 

ɸȈȄȉȉȏȍȆȇȗȊ ȍȌȗȊ. 

 

ǵȌ ȏɸȌȈȌȂȆůŰȆȇȕ ɸȈǽȂȉŬ ŰȌȏ ǮǮ ɸŮȍȆȈŬȉȁǼȊŮȆ 4 ŬȊȌȆȐŰǼ ȕȍȆŬ. ǵŬ 2 ŮǿȊŬȆ ȕȍȆŬ ŮȆůȕŭȌȏ ȇŬȆ 

ȁȍǿůȇȌȊŰŬȆ ůŰȌ ŬȊȗŰŬȍȌ ǼȇȍȌ ŰȌȏ ȍ. ǴȌȖȍŮȎ ȇŬȆ ŰȌȏ ȍ. ǥȂǿŬ ǥȆȇŬŰŮȍǿȊȄ. ǵŬ 2 ȕȍȆŬ ŮȋȕŭȌȏ 

ȁȍǿůȇȌȊŰŬȆ ůŰȄȊ ŮȇȁȌȈǾ ŰȌȏ ȍ. ǴȌȖȍŮȎ ůŰȌ ȍ. ǴŬȍŬȊŰŬɸȕŰŬȉȌȎ ȇŬȆ ůŰȌ ȍ. ǮȆȇȍȕ ǬŬŰŮȍǿȊȆ 

ŬȊǼȊŰȄ ŰȄȎ ɸȕȈȄȎ ŰȄȎ ǨȈŮȏůǿȊŬȎ. ǵŬ ȏŭȍȌȂȍŬűǾȉŬŰŬ ɸȌȏ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŬȊ ůŰȆȎ ŭȆŬŰȌȉǽȎ 

ŮȆůȕŭȌȏ ŮǿȊŬȆ ŰȌȏ Tsakiris  (2017)  

 

ǵȌ ȌȈȌȇȈȄȍȒȉǽȊȌ ȉȌȊŰǽȈȌ ɸȌȏ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ȂȆŬ ŰȄ ɸȍȌůȌȉȌǿȒůȄ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ŰȄȎ 

ǮǼȊŭȍŬȎ ȁŬůǿȃŮŰŬȆ ůŮ 2ǧ ȏŭȍȌŭȏȊŬȉȆȇȕ ȉȌȊŰǽȈȌ, ɸȈǾȍȒȎ ůȏȃŮȏȂȉǽȊȌ ȉŮ ŰȌ 

ȂŮȒȉȌȍűȌȈȌȂȆȇȕ/ȉȌȊŰǽȈȌ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ. ǵȌ ŰŮȈŮȏŰŬǿȌ ȐȍȄůȆȉȌɸȌȆŮǿ ŰȄȊ ŮȋǿůȒůȄ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ŰȒȊ Engelund -Hansen  & Chollet -Cunge  ȇŬȆ ǽɸŮȆŰŬ ȏɸȌȈȌȂǿȃŮȆ ŰȄȊ 

ŮȋǽȈȆȋȄ ŰȄȎ ȉȌȍűȌȈȌȂǿŬȎ ŰȌȏ ɸȏȅȉǽȊŬ ȉŮ ŰȄȊ ŮȋǿůȒůȄ Exner . 

 

ũȆŬ ŰȌ ȂŮȒȉȌȍűȌȈȌȂȆȇȕ/ȉȌȊŰǽȈȌ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ŬȍȐŮǿȌ ůŰȌ ȌɸȌǿȌ 

ȌȍǿůŰȄȇŬȊ ȌȆ ȉȄ ŭȆŬȁȍȗůȆȉŮȎ ɸŮȍȆȌȐǽȎ. ǴŮ ŬȏŰȕ ɸŮȍȆȈŬȉȁǼȊȌȊŰŬȆ ŮɸǿůȄȎ ŰŬ ŬȍȐŮǿŬ ŰȄȎ 

ȂŮȒȉŮŰȍǿŬȎ ȇŬȆ ŰȄȎ ŮɸȆűŬȊŮȆŬȇǾȎ ŰȍŬȐȖŰȄŰŬȎ. ǱȍǿůŰȄȇŬȊ 2 ȉȄ ŭȆŬȁȍȗůȆȉŮȎ ɸŮȍȆȌȐǽȎ. Ǫ 

ɸȍȗŰȄ ŬɸȌŰŮȈŮǿ ŰȄȊ ŮɸȆűǼȊŮȆŬ ɸȌȏ ȇŬȈȖɸŰŮȆ Ȅ ɸȕȈȄ ŰȄȎ ǮǼȊŭȍŬȎ, ŮȊȗ Ȅ ǼȈȈȄ ŰȄȊ ǽȇŰŬůȄ 

ɸȌȏ ȇŬŰŬȈŬȉȁǼȊŮȆ Ȅ ȁȆȌȉȄȐŬȊȆȇǾ ɸŮȍȆȌȐǾ (ǨȆȇȕȊŬ 4). ǲȍȌůŰǽȅȄȇŬȊ ȇŬȆ 2 ȉȆȇȍǽȎ ȉȄ 

ŭȆŬȁȍȗůȆȉŮȎ ɸŮȍȆȌȐǽȎ ůŰŬ ŬȊȌȆȐŰǼ ȕȍȆŬ ŮȆůȕŭȌȏ ȂȆŬ ŰȒȊ ɸŮȍȆȌȍȆůȉȕ ŰȒȊ ŬȊŮȋǽȈŮȇŰȒȊ 

ŭȆŬȁȍȗůŮȒȊ ɸȌȏ ɸȍȌȇŬȈȌȖůŬȊ ȌȆ ȉŮȂǼȈŮȎ ŰŬȐȖŰȄŰŮȎ ȈȕȂȒ ȏɸȌȈȌȂȆůŰȆȇȗȊ ŬůŰǼȅŮȆȗȊ ůŮ 

ŮȇŮǿȊŮȎ ŰȆȎ ɸŮȍȆȌȐǽȎ. 

 

 
ǨȆȇȕȊŬ 4 .  ǱȆ ȉȄ ŭȆŬȁȍȗůȆȉŮȎ ɸŮȍȆȌȐǽȎ ůŰȌ ȏɸȌȈȌȂȆůŰȆȇȕ ɸȈǽȂȉŬ ŰȌȏ ǮǮ ŰȄȎ ǮǼȊŭȍŬȎ. 



xiv  

χȢ ɚʌʋʐʀʇʘʎʈɻʐɻ ʆɻʅ ʎʔʋʇʅɻʎʈʝʏ 
ǮŮȈŮŰǾȅȄȇŮ Ȅ ŮɸǿŭȍŬůȄ ŰȒȊ ɸȈȄȉȉȏȍȆȇȗȊ ȍȌȗȊ ůŰȄ ȂŮȒȉȌȍűȌȈȌȂȆȇǾ ŬȈȈȌǿȒůȄ ŰȄȎ 

ȇȌǿŰȄȎ ɸȌŰŬȉȗȊ. ǷȍȄůȆȉȌɸȌȆǾȅȄȇŮ Ȅ ɸȈŬŰűȕȍȉŬ ȈȌȂȆůȉȆȇȌȖ TELEMAC-MASCARET (Galand  

et  al ., 1991; Hervouet  and  Van  Haren , 1996) ȂȆŬ ǽȊŬ ɸȈǾȍȒȎ ůȏȃŮȏȂȉǽȊȌ ȉȌȊŰǽȈȌ 

TELEMAC-2D/ SISYPHE ȂȆŬ ŰȄ ȉŮȈǽŰȄ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ŰȄȎ ǮǼȊŭȍŬȎ. ǵȌ ȉȌȊŰǽȈȌ, ɸȌȏ 

ȁȍǿůȇŮŰŬȆ ůŮ ɸȍȌȇŬŰŬȍȇŰȆȇȕ ůŰǼŭȆȌ, ȐȍȄůȆȉȌɸȌȆŮǿ ŰȄȊ ŮȋǿůȒůȄ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ŰȒȊ 

Engeland -Hansen  & Chollet -Cunge . Ǫ ŰŮȈŮȏŰŬǿŬ ǽŭȒůŮ ȇŬȈǼ ŬɸȌŰŮȈǽůȉŬŰŬ ůŰȄȊ 

ɸȍȌůȌȉȌǿȒůȄ ŰȌȏ ɸŮȆȍǼȉŬŰȌȎ ŰȒȊ Yen & Lee (1995)  ȂȆŬ ȌȉȌȆȕȉȌȍűȌ ǿȃȄȉŬ. ũȆŬ ŰȄȊ 

ɸȍȌůȌȉȌǿȒůȄ ŰȄȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȇŬȆ ŰȄȎ ȂŮȒȉȌȍűȌȈȌȂȆȇǾȎ ŬȈȈȌǿȒůȄȎ 

ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ȌȉȌȆȕȉȌȍűȌ ǿȃȄȉŬ ɸȌȏ ȁȍǿůȇŮŰŬȆ ůŰȌ ȕȍȆȌ ȉŮŰŬȋȖ ȈŮɸŰǾȎ ǼȉȉȌȏ ȇŬȆ 

ȆȈȖȌȎ (0.63mm ), ȈȕȂȒ ǽȈȈŮȆȑȄȎ ȆȃȄȉŬŰȌȈȌȂȆȇȗȊ ŭŮŭȌȉǽȊȒȊ. H ɸȍȌůǽȂȂȆůȄ ŰȒȊ A. 

Mendoza  et  al . (2017) ŭŮȊ ŬȇȌȈȌȏȅǾȅȄȇŮ ȂȆŬŰǿ ŭŮȊ ɸŬȍŬŰȄȍǾȅȄȇŮ ǽȊŰȌȊȄ ŮɸǿŭȍŬůȄ ŰȄȎ 

ŭŮȏŰŮȍŮȖȌȏůŬȎ ȍȌǾȎ. ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ ǾŰŬȊ ŰŬ ŬȇȕȈȌȏȅŬ:  

1.  ǴŰȌ ŬȊǼȊŰȄ ŰȉǾȉŬ ŰȌȏ ȍ. ǴȌȖȍŮȎ ɸŬȍȌȏůȆǼůŰȄȇŮ ǽȊŰȌȊȄ ȉȌȍűȌȈȌȂȆȇǾ ŬȈȈȌǿȒůȄ 

ɸȌȏ ǽűŰŬůŮ ŰŬ 2 m  ŭȆǼȁȍȒůȄ ȇŬȆ ŰȌ 1.5 m  ŮɸǿȐȒůȄ. ǱȆ ŰȆȉǽȎ ŬȏŰǽȎ ŮȉűŬȊǿůŰȄȇŬȊ 

ůŮ ɸŮȍȆȌȍȆůȉǽȊȄ ŮɸȆűǼȊŮȆŬ ɸŮȍǿɸȌȏ 4.5 h Ŭɸȕ ŰȄȊ ǽȊŬȍȋȄ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ. 

2.  ǴŰȌ ŬȊǼȊŰȄ ŰȉǾȉŬ ŰȌȏ ȍ. ǥȂǿŬ ǥȆȇŬŰŮȍǿȊȄ Ȅ ȂŮȒȉȌȍűȌȈȌȂȆȇǾ ŬȈȈȌǿȒůȄ ǾŰŬȊ 

ȈȆȂȕŰŮȍȌ ǽȊŰȌȊȄ ȈȕȂȒ ŰȄȎ ȉȆȇȍȕŰŮȍȄȎ ȇȈǿůȄȎ ɸȏȅȉǽȊŬ. ǱȆ ȉǽȂȆůŰŮȎ ŰȆȉǽȎ ɸȌȏ 

ɸȍȌǽȇȏȑŬȊ ǾŰŬȊ 1.2 m  ȇŬȆ 1 m  ȂȆŬ ŰȄ ŭȆǼȁȍȒůȄ ȇŬȆ ŰȄȊ ŮɸǿȐȒůȄ ŬȊŰǿůŰȌȆȐŬ. ǱȆ 

ŬȇȍŬǿŮȎ ŰȆȉǽȎ ŮȉűŬȊǿůŰȄȇŬȊ ɸŮȍǿɸȌȏ 5 h Ŭɸȕ ŰȄȊ ǽȊŬȍȋȄ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ ȇŬȆ 

ǾŰŬȊ ůŮ ɸŮȍȆȌȍȆůȉǽȊȄ ŮɸȆűǼȊŮȆŬ. 

3.  ǴŰȌ ȍ. ǴȌȖȍŮȎ ɸŬȍȌȏůȆǼůŰȄȇŮ ŭȆǼȁȍȒůȄ ůŰȆȎ ȕȐȅŮȎ ȇŬȆ ŮɸǿȐȒůȄ ůŰȌ ȉǽůȌ ŰȒȊ 

ŭȆŬŰȌȉȗȊ. ǵȌ űŬȆȊȕȉŮȊȌ ŬȏŰȕ ǾŰŬȊ ȈȆȂȕŰŮȍȌ ǽȊŰȌȊȌ ůŰȌ ȍ. ǥȂǿŬ ǥȆȇŬŰŮȍǿȊȄ. 

4.  ǲŬȍŬŰȄȍǾȅȄȇŮ ȐȍȌȊȆȇǾ ȏůŰǽȍȄůȄ ȉŮŰŬȋȖ ŰȄȎ ŮȉűǼȊȆůȄȎ ŰȒȊ ȉǽȂȆůŰȒȊ ŰŬȐȏŰǾŰȒȊ 

ȇŬȆ ŰȄȎ ȉǽȂȆůŰȄȎ ŭȆǼȁȍȒůȄȎ ɸȌȏ ǽűŰŬůŮ ŰȄȊ 1h. 

5.  ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȌȏ ȉȌȊŰǽȈȌȏ ȂȆŬ ŰȄȊ ŮɸȆűǼȊŮȆŬ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ŮǿȊŬȆ ȉȆŬ ȇŬȈǾ 

ɸȍȌůǽȂȂȆůȄ ŰȄȎ ŬȊŰǿůŰȌȆȐȄȎ ŮɸȆűǼȊŮȆŬȎ ɸȌȏ ȉŮŰȍǾȅȄȇŮ. 

6.  Ǫ ŮɸǿŭȍŬůȄ ŰȒȊ ȂŮȒȉȌȍűȌȈȌȂȆȇȗȊ ŬȈȈȌȆȗůŮȒȊ ůŰȄȊ ǽȇŰŬůȄ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ŰȄȎ 

ǮǼȊŭȍŬȎ ŭŮȊ ǾŰŬȊ ůȄȉŬȊŰȆȇǾ. 

 

8. ɫʑʈʌʀʍʗʎʈɻʐɻ ʆɻʅ ʌʍʋʐʗʎʀʅʏ 

ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȌȏ ȉȌȊŰǽȈȌȏ ŰȄȎ ǮǼȊŭȍŬȎ ȅŮȒȍǾȅȄȇŬȊ ȈȌȂȆȇǼ. ǹůŰȕůȌ, ŰȌ ȉȌȊŰǽȈȌ 

ȁȍǿůȇŮŰŬȆ ŬȇȕȉŬ ůŮ ɸȍȌȇŬŰŬȍȇŰȆȇȕ ůŰǼŭȆȌ ȇŬȆ ŰŬ ŬɸȌŰŮȈǽůȉŬŰǼ ŰȌȏ ɸȍǽɸŮȆ ȊŬ 

ŮɸȆȁŮȁŬȆȒȅȌȖȊ ȉŮ ůȐŮŰȆȇǽȎ ȉŮŰȍǾůŮȆȎ ɸŮŭǿȌȏ. ǮŮȍȆȇǽȎ ɸȍȌŰǼůŮȆȎ ȂȆŬ ŰȄ ȁŮȈŰǿȒůȄ ŰȒȊ 

ȉŬȅȄȉŬŰȆȇȗȊ ɸȍȌůȌȉȌȆȗůŮȒȊ ŰȄȎ ɸȈȄȉȉȖȍŬȎ ŰȄȎ ǮǼȊŭȍŬȎ ŮǿȊŬȆ ȌȆ ŮȋǾȎ:  

1.  Ǫ ɸŮȍŬȆŰǽȍȒ ŭȆŮȍŮȖȊȄůȄ ŰȄȎ ŮɸǿŭȍŬůȄȎ ŰȒȊ ȂŮȒȉȌȍűȌȈȌȂȆȇȗȊ ŬȈȈȌȆȗůŮȒȊ ůŰȆȎ 

ɸȈȄȉȉȏȍȆȇǽȎ ȍȌǽȎ. ǲȆȌ ůȏȂȇŮȇȍȆȉǽȊŬ ɸȍȌŰŮǿȊŮŰŬȆ Ȅ ŮȋŬȂȒȂǾ ȐȍȌȊȌůŮȆȍȗȊ ȂȆŬ ŰŬ 

ȁǼȅȄ ȍȌǾȎ ŰȌȏ ȏŭȍȌŭȏȊŬȉȆȇȌȖ ȇŬȆ ŰȌȏ ȌȈȌȇȈȄȍȒȉǽȊȌȏ ȉȌȊŰǽȈȌȏ ůŮ ŭȆŬŰȌȉǽȎ ŰȒȊ 

ȍŮȉǼŰȒȊ ȇŬȆ Ȅ ȉŮŰŬȋȖ ŰȌȏȎ ůȖȂȇȍȆůȄ. 

2.  ǱȆ ɸȈȄȉȉȏȍȆȇǽȎ ȍȌǽȎ ɸȌȏ ŮȉűŬȊǿůŰȄȇŬȊ ůŰȄȊ ɸŮȍǿɸŰȒůȄ ŰȄȎ ǮǼȊŭȍŬȎ 

ȐŬȍŬȇŰȄȍǿůŰȄȇŬȊ Ŭɸȕ ŰȄ ȉŮŰŬűȌȍǼ ȇŬȆ ŬɸȕȅŮůȄ ŬŭȍȌȉŮȍȗȊ ȏȈȆȇȗȊ, ȇǼŰȆ ɸȌȏ ŭŮȊ 

ȉɸȌȍŮǿ ȊŬ ɸȍȌůȌȉȌȆȒȅŮǿ ȉŮ ŰȌ TELEMAC-MASCARET. ũȆôŬȏŰȕ ŰȌ ȈȕȂȌ ɸȍȌŰŮǿȊŮŰŬȆ 

ȇŬȆ Ȅ ɸȍȌůȌȉȌǿȒůȄ ŮȊȕȎ ǼȈȈȌȏ ȉȌȊŰǽȈȌȏ ɸȌȏ ȅŬ ȈŬȉȁǼȊŮȆ ŰȌ űŬȆȊȕȉŮȊȌ ŬȏŰȕ 

ȏɸȕȑȄ ŰȌȏ. 

3.  ǲȍȌŰŮǿȊŮŰŬȆ Ȅ ɸȍȌůȌȉȌǿȒůȄ ȉŮ ȉȄ ȌȉȌȆȕȉȌȍűȌ ǿȃȄȉŬ, ȕŰŬȊ ȏɸǼȍȋŮȆ ɸȍȕůȁŬůȄ ůŮ 

ȆȃȄȉŬŰȌȈȌȂȆȇǼ ŭŮŭȌȉǽȊŬ. ǴŮ ŬȏŰǾ ŰȄ ɸŮȍǿɸŰȒůȄ ůȏȊȆůŰǼŰŬȆ Ȅ ȐȍǾůȄ ȉȌȊŰǽȈȌȏ ȉŮ 

ŰȄȊ ŮȋǿůȒůȄ ŰȌȏ Van  Rijn  (1989) , Ȅ ȌɸȌǿŬ ǽŭȒůŮ ŰŬ ȇŬȈȖŰŮȍŬ ŬɸȌŰŮȈǽůȉŬŰŬ ůŰȄȊ 

ɸȍȌůȌȉȌǿȒůȄ ŰȌȏ ɸŮȆȍǼȉŬŰȌȎ ŰȒȊ Yen & Lee (1995) ȉŮ ȉȄ ȌȉȌȆȕȉȌȍűȌ ǿȃȄȉŬ. 

4.  ǲȍȌŰŮǿȊŮŰŬȆ Ȅ ŭȆŮȍŮȖȊȄůȄ ůŮȊŬȍǿȌȏ ȉŮ ůȏȊŮȇŰȆȇȕ ȇŬȆ ȉȄ ůȏȊŮȇŰȆȇȕ ǿȃȄȉŬ ȂȆŬ ȊŬ 

ȉŮȈŮŰȄȅŮǿ ȇŬȆ Ȅ ůȏȊŮȆůűȌȍǼ ŰȌȏ ȆȃǾȉŬŰȌȎ ůŮ ŬȆȗȍȄůȄ. 

5.  ǲȍȌŰŮǿȊŮŰŬȆ ŰǽȈȌȎ Ȅ ŮɸǽȇŰŬůȄ ŰȌȏ ȏɸȌȈȌȂȆůŰȆȇȌȖ ɸŮŭǿȌȏ ɸȍȌȎ ŰŬ ŬȊǼȊŰȄ ȂȆŬ ȊŬ 

ůȏȉɸŮȍȆȈȄűȅŮǿ ȇŬȆ ŰȌ ŰȉǾȉŬ ůŰȌ ȌɸȌǿȌ ɸŬȍŬŰȄȍǾȅȄȇŬȊ ŰŬ ɸȆȌ ǽȊŰȌȊŬ űŬȆȊȕȉŮȊŬ 

ŭȆǼȁȍȒůȄȎ ȇŬȆ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ (ɸŮȍȆȌȐǾ ǬŬȊŰǿȊŮȎ). ǴŮ ŬȏŰǾ ŰȄȊ ɸŮȍǿɸŰȒůȄ 

ůȏȊȆůŰǼŰŬȆ Ȍ ŭȆŬȐȒȍȆůȉȕȎ ŰȌȏ ȏɸȌȈȌȂȆůŰȆȇȌȖ ɸŮŭǿȌȏ ůŮ ȉȆȇȍȕŰŮȍŮȎ ɸŮȍȆȌȐǽȎ ȉŮ 

ŭȆŬűȌȍŮŰȆȇǾ ȇȌȇȇȌȉŮŰȍȆȇǾ ůȖȊȅŮůȄ, ŬȊǼȈȌȂŬ ȉŮ ŰŬ ȂŮȒȈȌȂȆȇǼ ŭŮŭȌȉǽȊŬ. 
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1 

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 

natu ral events . 

 

Flood events can be divided in to  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 S torms 

Laboratory are the following:  Coastal flood s, which  are  caused by higher than average 

high tide alongside heavy rainfall and onshore winds. Storm surge s, which are  a rise in 

the water level in coastal areas, above the regular tide, caused by forces g enerated from 

a severe stormôs 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 g eneration mechanism in non -arid climates as 

follows: Firstly , areas adjacent to the stream channels become saturated. ǵhe water 

table rises due to the excess rainfall and the lower catchment slopes become saturated 

due to the outflow. The groundwater is al so 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 , suggest s 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 ú40 billion worldwide (Munich Re, 2003) which can be compared to the  total 

economic damages estimated at ú1.2 billion for the Gard 2002 single flood  event (Huet 

et al., 2003) and ú3.3 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 to ok 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 an d 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 developmen t 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 flo od 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 geo morphology 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 , 

Mandraô s population has tripled in less than 60 years , which alongside the development 

of the industrial zone and the construction of the ñAttiki Odosò 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 ) le d to the disastrous event s of November 15 . The water was 

ini tially accumulated in soil and the several mountain streams were supplied by runoff 

and subsoil water , witch contribute to the stream Ag ia Aikaterini and the stream Soures , 

which  cross  Mandra city. The flow rates were determined for a return period equal t o 

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 20 18.  

 

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 inclu ded.  

 

 
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 transpo rt. 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 mat erial 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 o f 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 trans port 

and intense erosion (Figure 1.2), thus the solid materialsô contribution to the flow regime 

cannot be neglected. The scope of this thesis is to answer the research question ñHow 

can we model the effect of sediment in Mandra flood ?ò. 

 

Figure 1.2.  Inte nse 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 a nd 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 mode lling system for the Mandra FF model (TELEMAC -MASCARET 

modeling system). The available sediment transport formulas are presented, as well as 

the mathematical models for fla sh 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) exp eriments 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 int roduced, including the city of Mandra and the hydrographic network. The 

flash flood characteristics are shown, as well as the in situ investigations ô purpose.  

 

The hydrodynamic/sediment transport/morphological model of Mandra flash flood is 

thoroughly disc ussed 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 co ncerning 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 APPE NDIX.  
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2. Literature survey  

2.1. Aim of the literature survey  

The purpose of the literatur e 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 t he 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 

mathe matical 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 

ve rtical 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 ve rtical velocity 

from the equations. SWE are derived from the equations of mass conservation and 

conservation of linear momentum. The following set of equations is the so called 

conservative form  of the SWE, where there is horizontal bed, no Coriolis forces  as well as 

no frictional or viscous forces. The first equation is derived from mass conservation, the 

second two from momentum conservation:  
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where :  Ȅ 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 ȍ 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 Ȅ 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:  
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where : u is the horizontal velocity component across the x axis,  

 v is the horizontal velocity component across the y axis,  

 g is the acceleration due to gravity,  

 h is the height deviation of the horizontal pressure surface from its mean height,  

 H is the mean height of the horizontal pressure surface,  

 g is the acceleration due to gravity,  

 f is the Coriolis coefficient,  

 b i s the viscous drag coefficient,  

 and Ȋ is the kinematic viscosity  

 

In cases where the components of the horizontal velocity, u and v, are retativelly small 

the following set of equations can be obtained:  
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2.3. Introduction to the sediment transport processes  

Sediment transport is the displacement of soil particles that get entrained due to the 

movement of fluid and are susceptible to gravita tional 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 oc cur 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 mecha nisms of soil erosion and sediment transport is the runoff flows of rain 

water on earthôs 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 cutt ing and supply from small erosion channels formed in unconsolidated soil (F. 

Engelund and E. Hansen, 1967).  

 

A big part of the particles that get entain ed 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 cert ain 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 

contri bution 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, D 50  the sediment size 

that 50% is finer, Űb is the bottom shear stress  and Ȋ the kinematic viscosity.  

 

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

General parameters  

Relative dencity  ῳ
” ”

”
 

Dimentionless grain 

size  
Ὀz

Ὣῳ

’
ȾὈ  

Critical Shields 

parameter  

Shields curve 

approximation ï  

Van Rijn (1993)  

ȅcr=

ừ
Ử
Ừ

Ử
ứ

πȢςτ$ᶻ ȟρ $z τ

πȢρτ$ᶻ Ȣ ȟτ $z ρπ

πȢπτ$ᶻ Ȣȟ   τ $z ςπ

πȢπρσ$ᶻȢ ȟ   ςπ $z ρυπ
πȢπυυȟὈz ρυπ

 

Soulsby (1997)  —
πȢσ

ρ ρȢςὈz
πȢυυρ ÅØÐπȢπςὈz  

Skin friction  ʈ= , where  ὅ ς
 

, k=0.40 (von  Karman )  

Non cohesive sediment 

settling velocity  
Ws=

ừ
Ử
Ừ

Ử
ứ ȟὈ ρπάȟ

ρ πȢπρ ρȟρπ Ὀ ρπά 

ρȢρ ί ρὫὈ ȟ   Ὀ ρπά

  

Soulsby (1997)  ὡ
’

Ὀ
ρπȢσφ ρȢπτωὈz Ⱦ ρπȢσφ 

Shields parameter  —
†

” ” ὫὈ
 

Shear velocity  Ὗz
†

”
 

 

The sediment transport formulas predict the sediment transport rate Q b in m 2/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:  

 ρ ‗ ρ ‗  ɳὗ π  (2.10)  

in which ὗ  is the vecto r of volumetric transport rate per unit width without pores, with 

components ὗ , ὗ  in the x and y direction respectively, z b is the bottom elevation and Ȉ 

the bed porosity.  

 

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

equation:  

 
ὗ

Ὣί ρὨ
 (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  

ὗ ‌ ί ρὫὈ  — ρ ‚ ρ ‚ ,  where: ȋ is the hiding factor  and:  

Ŭ = 17.0  

m= 1.5  

p = 1.0  

q =1.0  

 

¶ Schoklich(1962) Bedload Transport Formula  

ή πȢςρὐ Ȣ ὫὈ , where J is the energy slope  

ή ὌЍὟς ὠς is the scalar flowrate  

Qb=
πȟὭὪ ή ή

Ȣ
ὐή ή ȟὭὪ ή ή

 

 

¶ Rottner (1959) Bed Load Transport Formula  

ὗ ί ρὫὈ
ЍὟ ὠ

ί ρὫὈ
πȢπφφχ

Ὀ

Ὄ
Ⱦ πȢρτ πȢχχψ

Ὀ

Ὄ
 

 
¶ Nielsen (1992) Bedload Transport Formula  

ὗ ί ρὫὈ ( πȢπυ  

The formula is valid for : 
ρȢςυ Ó τȢςς

πȢπππφωά Ὀ πȢπςψχά
 

 

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

ūb=
πȟὭὪ — —

ὥ — — ȾȟὭὪ — —
 

Ŭmpm =8.0 (default),  

ὗ   Ὣί ρὈ  

 

¶ Van Rijn (1993) Bedload Transport Formula  

ūb=
πȟὭὪ — —

πȢπυσὈz Ȣ ȢȟὭὪ — —
 

ὗ   Ὣί ρὈ  

 

¶ Cheng (2002) Bedload Transport Formula  

  ρσȢπ—ȢÅØÐ 
πȢπυ

—Ȣ
 

ὗ   Ὣί ρὈ  

 

¶ Karim -Kennedy (1983) Total Sediment Transport Formula  

Qt=k 1[ ]2.97( ᶻ)1.47 Ὣί ρὈ , in which k 1=0.00139  

 

¶ Engelund -Hansen Total Sediment Transport Formula  

ὗ πȢρ ί ρὫὈ   Ⱦὅ, where C F 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.  

ὗ Ὀ ‘ὟᶻÅØÐ
Ȣ

,  where B=5.0 (dimensionless coefficient).  

 

¶ Ackers -White (1973) Total Load Transport Formula  

Ackers and White advice the use of D 35 , thus the D 50  should be substituted with D35 .  

If 1 ÒD*Ò60:

ừ
Ử
Ừ

Ử
ứ

ὲ ρ πȢυὰ ÌÏÇ Ὀz

ὃ
Ȣ

ᶻ
 πȢρτ

ά
Ȣ

ᶻ
ρȢστ

ÌÏÇὅ ςȢψφÌÏÇὈz ÌÏÇὈz σȢυσ

 

If D * >60:  

ὲ π
ὃ πȢρχ
ά ρȢυπ
ὅ πȢπςυ

 

Ὂ
Ὗz

ὫὈ ί ρ

ЍὟ ὠ

ЍσςÌÏÇ 
ρπὌ
Ὀ

 

ὗ ᶻ , where Ggr=
πȟὭὪ Ὂ ὃ

ὅ ρ
 

 

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 (Ȋ), mean velocity (V), sh ear 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 Ȋ 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 f lood simulation s 

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 evalua te 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 case s 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 f ind 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 app lied 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 model s 

Several hydrodynamic models are available in the literatu re  for flood modeling, the most 

popular of which are presented in the following paragraphs.  

 

TELEMAC-MASCARET is owned by the Laboratoire National dô Hydraulique et 

Environnement (LNHE), part of the R&D group of Electricite de France. The program can 

be us ed 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 progra m 

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 specifi c modules of the software.  
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HEC-RAS is probably the most widely used mode lling 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 coupli ng 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 reason s 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, thu s 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 ñCrossChannelNodeCountò is given, which 

represents the number of nodes that span the channel, including the edge nodes, with 

minimu m value 2. After a value for the ñAlongChannelIntervalò 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 ge nerated with the T3 Channel Mesher are encompassed in the main 

mesh produced by the T3 Mesh Generator. The ñOutlineò, the closed line that defines the 

limit of the computational domain, as well as the ñSoft Linesò are first resampled 

according to the suppl ied ñDensityò objects. Next the nodes from ñHard Pointsò, ñHard 

Linesò and the outline of ñSubmeshesò 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 nod e 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 provide d 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 visualizati on 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 geo morphologica l changes on 

the evolution on the flood  phenomenon itself. Guan et al. (2015) and Guan et al (2016) 

came to the conclusion that geo morphological 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 rains torms 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 respo nsible 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 bedl oad 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 systemôs 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 programôs 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 t he 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 use d 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 t ransport -

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 maritim e 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 

foll owing  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 m odification of 

certain subroutines named ñuser subroutinesò. 

 

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 modu les.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 softwareô 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 sto p 

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 nod es 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 geome try 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 g enerator 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 

trigonometric ally, 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 proce dure.  

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 spe cifically 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 co ncerning 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 ope n 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. Th e 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 ind ependent 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 us ually 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 ñlog fileò of the computation. If necessary, the user 

can get additional information by activating the ñdebuggerò 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:  
‬Ὤ
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Ὤ
ὨὭὺὬὺ Ὕ 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/s 2) gravity acceleration  

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

¶ Z (m) free surface elevation  

¶ t (s) time  

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

¶ Ὓ (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 sed iments 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 w hen 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 whic h the bottom is freezed and the 

discretized equation is solved separately (Figure 3.1.).In SǫSYPHE, there are 2 sediment 

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

load: q t = q b + q s, where q b is the total sedimen t transport, q b is the bed load, and q s is 

the suspended transport.  

 



17  

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 solv es the Exner equation given by:  

ρ ὴ
‬ὤ

‬ὸ

ὧ‏‬

‬ὸ

‬ήὸȟὼ

‬ὼ

‬ήὸȟώ

‬ώ
ὲ ὲ π (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 

equili brium concentration, which represents the concentration at the interface when 

saturation is reached (Celik and Rodi, 1988). The erosion and deposition are given by: n d 

= V scref  and n e = V sceq respectively, where c ref  the reference concentration and V s 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 moduleôs 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 

conce rning 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 (63ȉm in the Netherlands, 75ȉm in USA according to Winterwerp and Van 

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

100ȉm 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 c lass 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 co ndition 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:  

ρ ‗  ɳὗ=0  
(3.6)  

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

components ὗ , ὗ  in the x and y direction respectively, z b is the bottom elevation and Ȉ 

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

components as: Qb = (Q bx , Q by ) = (Q bcosŬ, Q bsinŬ) in which Q b is the bedload transport 

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

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

 

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

 
ὗ

Ὣί ρὨ
 (3.7)  

in which s is  the ratio ȍs/ȍ, ȍs is the sediment density, ȍ 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. T he number shown in brackets corresponds to the one the user has t o 

prescribe in the SISYPHE ñcasò file in order to call the specific formula: 

¶ Meyer -Peter & Muller  (1) ï bedload transport formula  

¶ Einstein -  Brown  (2) ï bedload transport formula  

¶ Engelund -Hansen + Chollet and Cunge  (3) ï total sediment transport formula  

¶ Engelund -Hansen  (30) ï total sediment transport formula  

¶ Van -Rijn  (7) ï bedload transport formula  

 

Suspended sediment transport is predicted by solving the equation:  
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(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, Ůs is the turbulent diffusivity of the sediment, often related to t he 

eddy viscosity Ůs = 
ὺ
„, with ůc the Schmidt number In SISYPHE,  ůc =1.0.  

 

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

which is theoretically valid in uniform steady flow conditions:  

ὅᾀ ὅ )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 Ŭ the reference elevation above 

the bed elevation. The distance Ŭ, 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:  
ὅ Ὂὅ (3.10)  
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(3.11)  

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

F-1=
" ρ " ȟÉÆ 2 ρ

"ÌÏÇ"ȟÉÆ 2 ρ
 (3.12)  

with B=Zref/h.  
 

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

ρ ‗
‬ῶ

‬ὸ
Ὀ Ὁ (3.13)  

with Ȉ the bed porosity, and z b 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 conce ntration 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 accou nt 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 cla ss 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 evoluti on 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:  

ρ ‗
Ћ:

ЋÔ

Ћ1

ЋØ

Ћ1

ЋÙ
π (3.14)  

where Q bxk , Q byk  (m 2/s) are the components of transport rates of the k th  size class of 
bedload; ( ‬ὤ ‬ὸϳ ) k (m/s) is the rate of change in the bed elevation due to size class k; 

and Ȉ 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:  

È#  = Èʀ È ʖ # #  (3.14)  

where the subscript k indicates the sediment size class index; C Zrefk  and C eqk  are the 

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

respe ctively; and Ȓsk (m/s)  is the settling velocity of the k th  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 th rough 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 st ress partitioning into components affected by skin friction and 

drag force from bedforms  
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Figure 3.2.  Aspects taken into account through SISYPHE correction of magnitude and 

direction of the bedload sediment transport :the effect of the local bed slope (a), 

secondary flow effects on the direction of the bed shear stress (b) and the bed shear 

stress partitioning into componets affected by skin friction and drag force from bedforms.  

 

The angle Ŭ 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:  
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 (3.15)  

 

Above the term  ‬ὤὦ‬ὼ and ‬ὤὦ‬ώ represent respectively the transverse and longtitudinal 

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

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

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

Koch and Flokstra:  Æʃ
τ

φʃ
 (3.16)  

Talmon et al.:    Æʃ
ρ

ɼЍʃ
 (3.17)  

where  ȁ2 is an empirical coefficient. The default value is ȁ2=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 

follow ing 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:  

ὗᶻ ὗ ρ ‍
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(3.18)  

where ȁ 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:  

—

—
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 (3.19)  

where  ȅȁcr is the critical Shields number for a sloping bed , ȅcr is the critical Shields 

number for a flat, horizontal bed, ű is the angle of repose of the sediment, Ȑ is the angle 

with the horizontal, and ȑ is the angle between the flow and the bed slop e 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 Y en 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 sedim ent 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 180 o channel bend with r c=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 beg inning of the bend (negative), and in the 

downstream one by the distance from the end of the bend (positive), respectively. Layer 

of sand around 20 cm thick, with d o=1.0mm and ůȌ=2.5, was placed on the bed before 

each run of the experiment.  Sand was first sieved into eight sizes, and then laid on the 

channel.  

 

The base flow was set at 0.02m 3/s which corresponds to the water depth of 5.44 cm, and 

the sand mass median diameter d 50=1.0mm. The maximum peak discharge was selected 

in order to avoid the undesirabl e 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 (sou rce: 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 ǧZb/h o, 

where ǧZb the bed deformation and h o 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 e nable a good understanding of the bed 

evolution across the channel.  The bed evolution data was also thoroughly presented in 

the cross -sections where the maximum deposition and scour took place (Table 4.2 and  

Table 4. 3). The sediment deposition and scour were measured at distances from the 

center of the semicircular bend as a product of r/r c, where r is the radial coordinate of the 

channel bend and r c the radius of curvature along the central line in be nd. The maximum 

deposition (ǧZb/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 165 o.  

 

Contours of d/d o were also presented, thus enabling the  observation of the longtitudinal 

and transverse variation of the grain size. The experimental results revealed that the 

maximum variation of d/d o occurred near the 90 o section for all the flow scenarios which 

was 3.6 0 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/r c 

0.900  0.913  0.925  0.950  0.975  1.000  1.025  1.050  1.075  1.088  1.100  

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

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

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

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

5 90 o 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/r c 

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 c ross -sectional 

graphs.  12 of them concern the uniform simulation s 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 

cer tain 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., 20 08). 

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 simula ted by 

calibrating the PRODUCTION COEFFICIENT FOR SECONDARY CURRENTS in the 

TELEMAC-2D ñ.casò file and the PARAMETER FOR DEVIATION in the Talmon et al. 

formulation in the SISYPHE ñ.casò file. These parameters, A and ȁ2, can be calibrated by 

trial and error. A. Mendoza et al. (2016) suggested the values of 12 and 1.6 for A and ȁ2 

respectively for meandering channel simulations. These values were also used for the 

diploma thesis simulations, since they produced the most a ccurate results. Other cases of 

lower A parameter and higher ȁ2 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) cali bration . 

 

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 form ulas were first 

conducted using single grain sediment and then the 6 that performed better were used 

for the multigrain simulations.  
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Simulations were conducted both with the mass median diameter of 1mm and the grain -

size distribution curve proposed by M. B ui & 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 orde r 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 w ith a critical Shields parameter of 0.033, 

corresponding to the mean grain size. The bed roughness was taken 3 times the mean 

diameter (k s=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 Ŭô=1, because no bed forms occurred in the experiment. The model results were 

considered satisfactory according to the aut hors.  

 

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 -Ů 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 au thors 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 ñexamplesò 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 Ŭô=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 ȁ2 parameter for direction correction 

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

 

Xiao et al. (2012) studied the formation of mea ndering 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 th at 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 hydrodynam ic, 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) 

implemen ted 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  Hunzi ng er and Van Rijn  formulas 

compared to experimental data isolines.  
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Figure 4.8.  Comparison between sediment transport formulas predictions and the 

experimental data concerning the bed evolution in the cross -section experimentally 

defined as the area of maximum deposition (75 o cross -section).  
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Figure 4.9.  Comparison betw een sediment transport formulas predictions and the 

experimental data concerning the bed evolution in the cross -section experimentally 

defined as the area of maximum deposition (165 o 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  Hunzi ng er and Van Rijn formulas 

compared to experimental data isolines.  
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Figure 4.13.  Comparison between sediment transport formulas predictions and the 

experimental data concerning the bed evolution in the cross -section experimentally 

defined as the area of maximum deposition (75 o 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 (1 80 o cross -section).  
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4.4.3. Run-3/non -uniform sediment simulations 

  
Figure 4. 1 5.  Filled contours of bed deformation for  Cheng and Reid formulas compared 

to experimental data isolines.  

 

  
Figure 4. 1 6.  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  Hunzi ng er and Van Rijn formulas 

compared to experimental data isolines.  
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Figure 4.18.  Comparison between sediment transport formulas predictions and the 

experimental data concerning the bed evolution in the cross -section experimentally 

defined as the area of maximum deposition (75 o 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 (1 80 o 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. 2 2.  Filled contours of bed deformation for  Hunzi ng er and Van Rijn formulas 

compared to experimental data isolines.  


