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Abstract 

Essential economic and social demands call for the analysis and prediction of morpho-

logic changes in riverbeds. Morphodynamic processes can be examined through field meas-

urements, laboratory experiments and rapidly developing numerical modeling. The three 

methods, including their own advantages and disadvantages, support the morphodynamic in-

vestigations complementing each other. Despite their coupled application, the reliable and 

qualitative results still cannot be expected in complex morphodynamic cases. Therefore, the 

continuous improvement of these investigation tools is an actual task for scientists. 

In my doctoral thesis, I start with the morphological analysis of a problematic river 

reach of the upper Hungarian Danube, based on the results of field measurements performed 

in the past and during this research. The examination focuses on the question, whether the 

river reach is in a dynamic equilibrium state or not. The riverbed topography-, flow-, bed load 

measurements and the bed material samples include relevant information related to morpho-

dynamic processes one by one. However, interconnecting the outcomes of all the mentioned 

investigation tools, one can increase the reliability of the conclusions, and extend the spatial 

and temporal scale of the plausible statements. Therefore, I linked and analyzed the infor-

mation from field measurements in a combined manner to prove that in such a way, improved 

knowledge can be gained regarding the dynamic equilibrium conditions in complex morpho-

dynamic case. 

In my thesis, I also make an attempt on improving the calculation methodology of river 

morphodynamics. The main idea is based on the combined application of already existing 

sediment transport formulas. Namely, the local morphodynamic processes indicate which 

sediment transport formula is supposed to be the most reliable and thus, the sediment 

transport calculation is expedient to be executed accordingly. The sediment transport calcula-

tion method is implemented in a three-dimensional numerical hydrodynamic model. First, the 

method is validated based on own laboratory measurements. Second, a novel sediment 

transport classification method is presented and validated which (based on the shear Reynolds 

number, Re
*
) indicates whether gravel or sand transport dominates. Based on this, the deci-

sion criterion of the combined sediment transport modeling method is defined based on Re
*
. 

Third, the combined calculation method is validated for large river with complex morphologi-

cal features by the three-dimensional numerical modeling. This is performed through the 

morphodynamic investigation of the upper Hungarian Danube reach, by the application of the 

novel sediment transport calculation methodology. 
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Tartalmi kivonat 

A folyómedrek morfodinamikai változásainak vizsgálatára és előrejelzésére lényeges 

gazdasági és társadalmi igény mutatkozik. Morfodinamikai folyamatok terepi mérésekkel, 

laboratóriumi vizsgálatokkal, illetve az elmúlt évtizedekben rohamosan fejlődő numerikus 

modellezés segítségével vizsgálható. A három módszer a maguk előnyeivel és hátrányaival 

egymást kiegészítve és támogatva biztosítanak lehetőséget morfodinamikai célú kutatáshoz, 

azonban azok együttes alkalmazásától sem várható el kvalitatív pontosságú eredmény komp-

lex morfodinamikai esetben. Ezért módszerek folyamatos fejlesztése indokolt. 

Doktori disszertációmban a terepi mérési eredményekből mederstabilitás szempontjából 

levonható konklúziókat vizsgálom a magyarországi Felső-Duna egy problémás szakaszának 

mintatanulmányán keresztül. A mederdomborzat-, áramlás-, görgetett hordalék-mérések, va-

lamint a mederanyag mintavételek külön-külön is fontos és egyedi morfodinamikai jellegű 

információtartalommal bírnak. Az ilyen vizsgálatok összekapcsolt elemzése növelheti a le-

vonható konklúziók megbízhatóságát, valamint kiterjesztheti a hiteles megállapítások tér- és 

időbeli tartalmának skáláját. Ezek alapján teszek kísérletet vegyes szemösszetételű és komp-

lex geometriájú folyószakasz mederstabilitásának kis- és nagyléptékű vizsgálatára. 

A disszertációmban a numerikus morfodinamikai vizsgálatok módszertani fejlesztésével 

foglalkozom. Az általam kidolgozott újszerű eljárás lényege a meglévő hordaléktranszport 

modellek együttes alkalmazásán alapszik, vagyis: a helyi morfodinamikai folyamatok alapján 

érdemes becslést tenni arra, hogy melyik hordaléktranszport modelltől várható a legmegbízha-

tóbb számítás és a hordalékmozgást ennek megfelelően célszerű becsülni. Az eljárást egy ko-

rábban már sikeresen alkalmazott 3D áramlásmodellbe implementálom. Az eljárást először 

saját laboratóriumi mérések alapján igazolom. Ezután, a magyarországi Felső-Duna példáján 

keresztül kimutatom és igazolom, hogy valós körülmények között a csúsztató-Reynolds szám 

(Re
*
) alkalmasabb indikátora a helyi morfodinamikai folyamatok jellemzésére, mint pl. egy 

jellemző szemcseméret. Ez alapján, az összekapcsolásos hordaléktranszport számításos eljárás 

valós folyószakaszon történő igazolásánál az optimális hordaléktranszport modell megválasz-

tását Re
*
 függvényében fogalmazom meg. Végül, az újszerű hordaléktranszport modell al-

kalmazásával olyan egyedi morfodinamikai vizsgálatokat végzek a dunai mintaszakaszon, 

amit korábbi morfodinamikai célú vizsgálati eszközök nem tettek lehetővé. 
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1 Introduction 

The rivers play an undoubtedly indispensable role in human life. In addition to its most 

essential function that it provides drinking water, the rivers are used for many other life-

helping purposes, such as inland navigation, energy production, irrigation, fishing, or being a 

natural habitat. Due to the nature and the artificial interventions, the morphology of the rivers 

is changing constantly. Such complex morphological processes complicate the maintenance 

and design work of the river users. Thus, an increasing demand has appeared from the river 

users in order to gain trustworthy knowledge of the future spatial and temporal variation of 

river morphology. 

For this reason, the investigation of the riverine sediment transport is of major interest 

to researchers. An intensive research on sediment transport and river morphology started in 

the middle of the 20th century. Initially, based on laboratory and field surveys, many re-

searcher developed empirical and semi-empirical formulas for the approximation of the sedi-

ment transport and conditions (e.g. [1]–[5]). These simple methods estimate the sediment load 

in a function of a few sediment and flow related parameters, e.g. d50 (median grain size), h 

(water depth), v (flow velocity), result in a rough estimate. It has been soon recognized that 

due to the complex nature of the flow field and sediment motion, developing a widely reliable 

sediment calculation method is a major challenge. Later, the intensive growth of computa-

tional capacity of computers gave a big boost to quantifying the sediment transport. The per-

manently increasing computational capacity provided the treatment and development of more 

and more complex sediment transport models, which are capable to work with much more 

variables, e.g. u* (bed shear velocity), 𝜏 (bed shear stress), 𝜏*
 (dimensionless bed shear stress) 

Re
*
 (shear Reynolds number), and more precise description of the sediment composition [6]–

[10]. On the other hand, the evolution of the flow modeling [11]–[16] resulted in an even 

more reliable description of the flow field, which finally improved the sediment transport cal-

culation [17], [18]. Thus, the morphodynamic investigation of river sections characterized by 

rather uniform flow and sediment conditions (e.g. a straight river reach without any engineer-

ing structures and with uniform bed material) became more feasible. 

 Despite these significant progresses, there is still no generally applicable method to de-

scribe morphodynamic processes in a general hydromorphological conditions. This is espe-

cially true when dealing with large rivers with mixed sediment composition and spatially 

strongly varying flow features, such as reaches with sand-gravel bed and different regulation 
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works. Because of the complexity of the morphology and hydraulic features, even the most 

common and most reliable sediment transport formulas were developed focusing on one de-

fined sediment movement nature, like sand or gravel motion; scouring and bed armoring, or 

erosion and aggradation, etc...  

 
Fig. 1 The number of river reaches as the function of the characteristic d50 grain size [19]. 

Parker examined the bed material based classification possibility of large river sections, 

related to 193 sets of data [19]. The results of the data processing can be seen in Fig. 1. Usual-

ly, the river reaches can be divided into two types; sand-bed (d50 < 2 mm) or gravel-bed (d50 > 

2 mm) streams. Most times the classification can be done obviously because the bed materials 

are less complex but has a dominant fraction. However, there is relatively rare but considera-

ble length of rivers where the dividing is not trivial. This is usually the case at transitional 

sections between the sand-bed and gravel-bed reaches, where the flow pattern results in spa-

tially very varied bed content (coarse bed surface in the main stream and sand bed at the near-

bank zones). For example in such complex and varied morphological cases, it is difficult to 

decide which sediment transport formula is expected to be the most reliable. That is, the ap-

plicability limits of one chosen sediment transport formula set back the accuracy of the nu-

merical calculation. 

Sediment transport experiments performed in laboratories can also provide new insights 

into the morphodynamic processes. The main advantage of the laboratory experiments is that 

a phenomenon can be closely analyzed under sterile conditions, however, in small-scale. So in 
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turn, the interactions between different processes (e.g. erosion in the groin field and gravel bar 

formation) and the effect of the spatial complexity can be less investigated. 

Also, the field measurements offer a unique opportunity to discover ongoing morpho-

dynamic processes in rivers. Accordingly, the real, current and usually point-in morphological 

conditions can be captured. However, despite the state-of-the-art technologies, the devices 

still can indirectly measure the processes rather locally and at discrete times, but cannot ex-

plore the phenomenon in large-scale with smooth spatial and temporal resolution. 

Overall, each morphological investigation technique has its own benefits, but disad-

vantages also. There are river sections, where the topography, the bed content and the sedi-

ment features are so complex and varying, that their morphodynamic analysis cannot be per-

formed reliably by the generally applied tools. Such cases clearly enhance the need for the 

improvement of the riverine sediment transport investigation methods. 

 

In this doctoral research, the main goal is to improve the investigation tools to analyze 

local and reach scale morphodynamic processes in large rivers, with a special focus on numer-

ical modeling methods. The techniques used in this study are presented and validated through 

a representative section of the Hungarian Danube, which, due to natural processes and signifi-

cant anthropogenic impacts, can be characterized with strongly three-dimensional flow fea-

tures, spatially and temporally varying sediment transport and inhomogeneous bed material. 

1.1 Preliminaries, problem statement 

Due to water use purposes, most of the larger rivers have been regulated from sources to 

estuary and engineering structures were constructed along this river. The Danube River was 

no exception contrarily to the reach upstream of Hungary, where the river is almost entirely 

regulated by barrages, the 417 km long Hungarian section is, so called, free flowing. Howev-

er, the river is regulated with conventional structures, such as groins and the banks are pro-

tected against erosion by ripraps. Historically, the ~100 km long upper Hungarian Danube 

reach, shared by Slovakia, permanently showed morphological changes in the last decades 

and consequent issues for navigation. The morphological variation became even more prob-

lematic when the hydropower plant at Gabcikovo, Slovakia had been constructed 8 km up-

stream from the Hungarian border. These processes resulted in intensive bed changes and thus 

also navigation problems, which were explored by summarizing of many earlier researches, 

e.g. in Török et al. [20]. This paper focuses on a Danube reach situated between Nagybajcs 

and Gönyű (rkm 1796-rkm 1799), 20 km downstream of Gabcikovo hydroelectric power 
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plant (rkm 1819), and directly upstream of the Mosoni-Danube confluence zone (Fig. 2). The 

human measures described in the paper, caused major changes in the morphological process-

es, which resulted in several effects, e.g. significant bed level incision and gravel bar for-

mation in the main channel [21]. The paper also details the negative effect of the gravel bars 

on e.g. the navigation. Two important gravel bars formed at the study side (Fig. 2) at Vének 

[22], the so called Vének upper gravel bar and Vének lower gravel bar (Fig. 3) [23]. Appar-

ently, these bed formation processes related to the morphological changes require the 

knowledge of both the local and larger scale morphological processes. 

 
Fig. 2 The sketch of the Danube reach downsream of Gabcikovo hydropower plant. 

The main artificial interventions and their effects on the morphodynamic features (e.g. 

bed load transport decrease) and processes (e.g. river planform change) from the end of the 

19
th

 century was summarized in Török et al. [20], based on many studies [24]–[30]. 

The recently altered morphological processes are caused mainly by two important river 

training measures [27]. First, the construction of the Gabcikovo dam in 1992 resulted in sig-

nificant deficit in the sediment supply from upstream reaches. This process led to considera-

ble bed level erosion downstream of the dam, reaching even 2-4 m. Moreover, the deposition 

of the eroded bed materials resulted in the formation of further point bars, in the downstream 

river reach. This process contributed to the further evolution of the Vének upper and Vének 

lower gravel bars (Fig. 3) [28]. Second, in order to improve the navigability of the river, groin 

fields (Fig. 3, continuous dark lines) were constructed aiming at the deepening of the river bed 

by the increasing flow velocity and anticipated bed erosion. Indeed, these measures had major 

effects on the local bed morphology, e.g. local scouring and bed material coarsening at the 

groins heads, and deposition of fine material between and downstream of the groins [31]. Fig. 

3 shows the navigation map regarding to the examined river reach. The light spots refer to the 
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higher bed levels. Thus, the Vének upper and lower gravel bars are viewable. The lower val-

ues (light, white spots) refer to the higher bed levels and to the gravel bars as well. 

The indicated processes caused by the varying flow and morphodynamic conditions, 

clearly underline the major role of manmade effects on the river morphodynamics [32]. How-

ever, as Török et al. [20] and another study [33] also suggest that the current trends of mor-

phological changes are going to approach a new dynamic equilibrium state reaching a rela-

tively stable bed morphology. Since the morphological features (e.g. longitudinal bed slope, 

bed load material and volume) have changed significantly, the alteration of the type of the 

alluvial river pattern (sinuous or meandering river) [34], [35] is not obvious, but vital. 

 
Fig. 3 The navigation map of the study Danube reach and the Vének gravel bars. 

Thus, the question is, whether the bed level change trends are still in progress, or have 

already reached a quasi-equilibrium state. Furthermore, it is not trivial either, whether the 

gravel bars would grow further, remain the same, or their erosion will occur.  

The problematic case of the above presented river section clearly points out the demand 

on a reliable method for the examination and prediction of the morphodynamic processes and 

changes under complex and varied flow, bed content and sediment load conditions. 

1.2 Research approach, outline 

The main ambition of the herein presented doctoral research project is to elaborate a 

novel method, which greatly contributes to a deeper understanding of morphodynamic issues 

in large rivers, such as the case of a problematic Danube reach presented in the previous chap-

ter. 

The investigation methods applied for analyzing morphodynamic processes in large riv-

ers can be divided into three main groups: (i) field measurements, (ii) laboratory experiments 

and (iii) numerical modeling. 
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 The field measurements provide the opportunity to gain information about the real-

scale, ongoing morphological state and processes. However, the complexity, the large di-

mensions, volumes and forces greatly reduce the measurement possibilities. The recent 

technology of the field measurements allow the researchers to gain a rough picture of the 

actual flow patterns, point-in bed material composition and sediment load amount. Based 

on these data, the morphodynamic processes can be estimated. However, field measure-

ments on reach scale are rather performed within a few-day long campaigns. That is, the 

equipment and methods of the field measurements still not allow to explore the large-scale 

morphodynamic processes in details and reliably. 

 The opportunities of the laboratory experiments allow the researchers to reproduce the 

real processes in a smaller scale and in a more simplified way. Thus, the less complex 

morphological phenomena become measureable. Laboratory experiments lead to e.g. elab-

oration of sediment transport formulas. In the laboratory experiments, the flow conditions 

(e.g. water depth, discharge, slope, velocity…), the bed material, the sediment content and 

load can be adjusted freely within the laboratory limits. The so evolving processes can be 

measured in details: the flow field, bed material and sediment yield. Furthermore, because 

of the small time- and spatial-scale the processes and changes can be tracked and moni-

tored. In the real-case, however, the reach-scale and local morphodynamic changes are re-

sulted in by the joint effects of different morphodynamic sub-processes. Therefore, the 

processes can be poorly characterized by a constant parameter. In contrast, the laboratory 

experiments are done under more simplified conditions and focus on a given sub-process. 

Furthermore, upscaling of results from laboratory experiments are far not evident, due to 

the significant difference between the interacting forces in laboratory and prototype scale. 

 The numerical modeling is currently the most developing tool. Because of the geome-

try, boundary conditions, flow and sediment related properties are freely adjustable, only 

the numerical modeling provides the opportunity to calculate the real-scale morphological 

processes under the desired conditions, theoretically at any resolution. On the other hand, 

the numerical modeling has many limiting factors as well. These are e.g. the computational 

capacity of computers, the need of many reliable data for the model parameterization, the 

limitations of the sediment transport formulas and the inaccuracy of the flow models. 

With the knowledge of the benefits and the disadvantages of the three tools, they should 

be considered as complementary methods. Thus, for the most effective investigation they 

must be applied jointly.  
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In Chapter 2, a problematic Hungarian Danube reach is presented. Based on field meas-

urements, a morphological investigation was carried out. Despite many results there were still 

many questions remained. At this point, the application of the numerical modeling tool has 

become justified. However, because of the complexity of the given reach, no reliable results 

were expected by the available sediment transport formulas. 

In this research, the aim was to improve the numerical modeling tool by the elaboration 

of a novel sediment transport calculation method. The theoretical background is that in com-

plex morphodynamic states, the same sediment transport formula is not necessarily the most 

reliable in every circumstance. Therefore, the idea was the combined application of existing 

sediment transport formulas. That is, the sediment transport is calculated by the formula, 

which is assumed to be the more reliable in the given calculation grid. A criterion is in need, 

which is able to decide which formula to use. The presentation of the novel sediment transport 

calculation method and its validation by laboratory measurements can be read in Chapter 3. 

Then the theoretical foundation of the development of the decision criterion is written in 

Chapter 4. A novel classification method was stated, which indicates more accurately if the 

sand or rather the coarser sediment transport is dominant. 

Then, the validation by field measurements and the improvement of the method was 

elaborated. Finally, the validated method was used for morphological investigations of a prob-

lematic Hungarian Danube reach, which is described in Chapter 5.  
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2 Field measurements based morphological investi-

gation 

The main features of the momentary flow and sediment conditions in river can be ap-

proximated based on the field survey measurements. The measurements e.g. flow velocity and 

water level measurements, bed material sampling, etc… are done at a certain point in space, at 

a given time. Considering this it is important to note, that the analyzed data gives a snapshot 

of a minor piece of the complex, spatially and temporally unstable and very varied real phe-

nomena. Beside these limiting factors, the field measurements are essential primarily for the 

mapping of the morphodynamic features and processes. The data analysis finally provides the 

opportunity for a rough estimation of the potential morphodynamic changes. 

Based on these findings, the main expectation with the field measurements was to gain 

properly processed and spatially well represented morphological data for the later explained 

numerical model parameterization and validation purpose. Secondary, but still a pronounced 

aspect was to estimate the prevailing morphodynamic regimes and expected morphodynamic 

trends based on the data investigation. 

 
Fig. 4 The positions of the Vének upper and lower gravel bars and of the Vének side branch. 

In this chapter, I rely heavily on the research paper of Török [20]. As it was already in-

troduced, the investigated problematic Danube reach takes place between rkm 1795 and rkm 

1800 (Fig. 4). In the morphological examination of the river reach in question, I rely and refer 

to the results of earlier researches, as well as process and analyze data of field measurements 

of our own and of the North-Transdanubian Water Directorate. Regarding to the measure-
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ments, the momentary flow features and bed material contents were measured by two, 1-day 

long field expedition at the study site, in 2013 July and 2017 May. Besides the expedition 

measurements, the North-Transdanubian Water Directorate in Hungary carries out regular bed 

load transport measurements from the Medvedov-Vámosszabadi Bridge (rkm 1806) since 

1998. During the period of 1998 – 2015, 66 measurement campaigns were performed. The 

local morphodynamic features and regimes were estimated according to these measurement 

data, namely based on bed level maps, bed material, flow field and bed load data investiga-

tion. 

2.1 Morphological overview of the past decades 

Since 1992, the current morphological processes of the study reach are basically influ-

enced by the Gabcikovo hydropower plant. Several research projects were carried out, focus-

ing on the sub-processes of the complex changes. In this chapter, I summarize these research 

results and by interpreting them I deduct the conclusion. 

 
Fig. 5 Morphological changes of the Danube River downstream of Gabcikovo dam [36]. 

The lower diagram of Fig. 5 shows the bed development in the Danube at the sections 

between rkm 1813 and rkm 1795. During this period, the dam caused intensive degradation 

downstream of the old Danube and tailrace canal confluence zone (rkm 1813-rkm 1808). 

Rákóczi and Sass [37] investigated the morphological effect of the dam based on field meas-
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urements, performed in 1992 October (right before the installation of the Gabcikovo dam), 

1993 and 1994. The paper explained in detail the sub-processes, which lead to the complex 

morphological phenomenon. As the water slope downstream became even lower, the sedi-

ment transport capacity suddenly decreased. Thus, the eroded sediments were transported and 

deposited downstream of the Medvedov-Vámosszabadi Bridge (Fig. 5), resulting in the for-

mation of point and side bars. Because of the effect of the selective erosion phenomenon these 

bed forms typically consist of coarser grains. In the first instance, higher flood waves can 

cause essential bed changes. However, the selective erosion process leads to the formation of 

armored bed surface, which contributes to reaching the dynamic equilibrium state. By com-

paring the bed material samples to the bed geometry changes Rákóczi and Sass [37] supposed, 

that the bed change process was still in progress, in 1996. 

The research work of the Slovakian Water Research Institute detected further bed 

changes (Fig. 5, top diagram) after 1994, supporting the assumptions of Rákóczi and Sass 

[36]. Between 1994 and 2001, the erosion section extended downstream and reached rkm 

1801. On the other hand, the eroded sediments caused bed level rise and formed bed forms 

downstream, especially from rkm 1801, which reduced the water level gradient. The research 

of Holubová et al. [36] also mentioned that the dynamic equilibrium state was not achieved 

yet, in 2004. In order to reveal bed load dynamics, as a primary indicator of morphodynamics, 

a subsequent research by Rákóczi [38] aimed at estimating the bed load velocity. It was found 

that an average particle displacement is around 10 m/day, which is quite considerable, but 

realistic. In the absence of sediment supply from the upstream, the bed load transport results 

in a significantly slower, but apparent shift of the bars anticipating a durable morphological 

variation, such as the Vének gravel bars. At 2004 Rákóczi found [38] that the dynamic equi-

librium state was not yet reached. 

Holubova et al. [39] published a research on the morphological development of the 

Hungarian-Slovakian Danube between the installation of the Gabcikovo dam and 2013. The 

paper pointed out that the significant part of the bed erosion took place until 2006, mainly 

between rkm 1800 and rkm 1812. The deposition of the eroded sediments is a somewhat 

slower process [31]. However, Holubova et al. [39] found that aggradation occurred between 

rkm 1770 and rkm 1800, but considerable bed level rise could not be detected since 2006. 

Accordingly, the bed level deepening and aggradation were still in progress between 2006 and 

2013, but the extent of these morphological processes followed a decreasing trend. This is 

confirmed by the effect of the historical flood wave in 2013 (100-year flood event, [40]); bed 
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erosion at the downstream part of the Gabcikovo dam and deposition at the lower section oc-

curred, but not in a significant magnitude. 

 
Fig. 6 Bed level changes in the navigational channel between rkm 1794 and rkm 1800 for the period 2005-

2013 [41]. 

A study [41] of Varga-Lehofer studied the annual morphological changes in the naviga-

tional channel of the upper-Hungarian Danube section, for the period between 2005 and 2013. 

The study (see Fig. 6) showed that beside the not negligible bed level changes, significant 

trends (consistent erosion or sedimentation) cannot be observed in the thalweg. The coloring 

indicates that only local changes took place. The study also states that the significant geomet-

ric changes were mainly caused by flood waves. During these high water regimes mainly 

scouring processes at the tip of the groins, deepening in the narrows and bar formations oc-

curred. These kinds of morphological changes were rather local features than typical trends 

related to a longer river reach. The research points out that the flood waves might have a dif-
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ferent effect on a given river reach. For example, the flood waves in 2006 and 2010 resulted 

in significant bed deepening in the main stream at the river reach of the Vének upper gravel 

bar (between rkm 1796 and rkm 1797). In contrast, the historical flood wave in 2013 caused 

bed level rise around this section. The study notes that although the changes in river bed vol-

ume suggest a deepening trend in the main stream of the Danube reach between rkm 1796 and 

rkm 1799, the authors [41] expect rather a sediment deposition trend since 2010.  

Based on the above presented literature, the following findings can be summarized. The 

considerable bed erosion at the upper part (rkm 1800 – rkm 1812) and aggradation at the low-

er reach (rkm 1794-rkm 1800) (Fig. 5) led to the decrease of the water level gradient. Based 

on the water levels presented by Varga-Lehofer [41], the low flow water surface slope de-

creased from 23-25 cm/km (1984) to 13-15 cm/km (2014) between rkm 1812 and rkm 1792. 

The erosion capacity is characterized well by the bed shear stress, which can be expressed 

according to the slope method: 

 𝜏      , (2.1) 

where 𝜏 is bed shear stress,   is the water density, g is the gravity acceleration, h is the 

water depth and S is the water level gradient. 

Although the study of Varga-Lehofer [41] states that the significant geometric changes 

were mainly caused by the flood waves, it cannot be completely proved based only on the 

annual bed level maps (Fig. 6). 

Accordingly, the erosion and thus the sediment transport capacity depend quasi linearly 

on the water slope [28]. Since the water level slope decreased significantly during the last 30 

years, essential reduction trend in the erosion is expected, this suggests the reaching of the 

dynamic equilibrium state. 

2.2 Morphological investigation based on flow measurements 

Within the measurement campaign, the flow conditions and the bed geometry was 

mapped using a so-called acoustic Doppler current profiler (ADCP) (WorkHorse Rio Grande 

1200 kHz) in both fix and moving modes. The operating principle and different application 

fields of ADCPs are explained, for example, by [42]. During the fix boat measurements, the 

boat was anchored in a given location for at least 180 seconds. At those locations, bed materi-

al samples were also taken by a drag-bucket sampler. Thus, the composition of the bed mate-

rial could be determined by laboratory analysis of the physical samples. 

At the studied river reach, the average depth at mean flow is around 5 m and the mean 

discharge is around 2000 m
3
/s. From now, the first (2013 July) measurement will be indicated 
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by A, the second with B (2017 May). The A measurement was conducted right after the histor-

ical flood wave at the discharge of 1500 m
3
/s at lower flow regime, while the B measurement 

was done at the discharge of 3300 m
3
/s at the falling limb of a ~4000 m

3
/s flood wave [Char-

acteristic water discharges are Qbf = 4300-4500 m
3
/s (range of bankfull discharge) Q2 = 5950 

m
3
/s, Q10 = 7950 m

3
/s and Q100 = 10400 m

3
/s (2-, 10- and 100-year flood event) [40]]. The 

following figure shows the discharge time series for a 4 year long period, indicating the date 

of the measurements by the dashed line. 

 
Fig. 7 Discharge time series at erkm 1801 for the period 2013 April – 2017 August. 

 
Fig. 8  Spatial distribution of d90 values of bed material samples. 

As Rákóczi [43] introduced through a number of cross-sections of the Danube River the 

combined analysis of the cross-sectional bed geometry and the cross-sectional grain-size dis-
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tributions of the bed material can provide valuable information regarding the local morpho-

logical status of the river. In Fig. 8 the contour map indicates bed levels, while the circles on 

the plots indicate the local d90 values of the bed material derived from the bed material analy-

sis. The circles outlined by black (nr.1-9; > rkm 1796) belong to measurement A, while the 

red outline color refers to measurement B (nr.10-18). The B measurement related sample 

numbers are indicated by underlining. The larger and lighter the circle, the coarser the bed 

material. Regarding to the coloring of the map, the yellow spots refer to the lower bed levels, 

thus the main stream can be observed. 

Usually, the coarsest bed material along a river transect is expected in the thalweg, i.e. 

at the deepest part of the section. Indeed, this character can be detected in cross-sections at 

rkm 1794.9, rkm 1795.2, rkm 1795.8, rkm 1796.1 and rkm 1798.5, respectively, according to 

Fig. 8. These findings are supported by Fig. 9, which introduces the cross-sectional bed levels 

where bed material samples were taken and the related grain-size distributions. In the remain-

ing cross-sections (rkm 1797.4), however, the coarsest sample was found at the left bank (5) 

d90 > 20.0 mm, which in fact characterizes the Véneki upper bar. This phenomenon can be 

explained by the selective erosion process [31], i.e. if the bed load particles arrive in a place 

with lower bed shear stress than upstream, the coarser and maybe the finer grains find a more 

stable place. Thus, the transport velocity of the grains decreases and, in case of larger gravels, 

can actually stop. Finally, the trapped particles can form dunes, bars or islands, where each 

grain size can be found (the largest gravels might have the highest percentage). However in 

case of the lower bar (rkm 1795.8), the sample found at the right bank (10) seams not to fall in 

the bar (see Fig. 8, rkm 1795.8). Besides, the d90 = 26.7 mm refers to a significant gravel ra-

tio.  

In the thalweg, the flow with higher sediment transport capacity does not let the finer 

particles to settle, therefore, they most likely cannot be found in the bed material. Consequent-

ly, the bed material contains rather coarser gravels, leading to the development of bed armor. 

This can be detected at rkm 1798.5, rkm 1795.8, rkm 1795.2 and rkm 1794.9, but not between 

1796 and rkm 1798. Calculating the width of the cross-sections at 107 m ASL (~mean water 

level) it turns out, that the cross sections at this ~2   long river reach is wider (~300 m), than at 

the upstream (~190 m at rkm 1798.5) and at the downstream (~200 m at rkm 1795.8). Based 

on Fig. 4 it is also remarkable that the mouth of the Vének side branch is located at the exam-

ined 2 km long river reach (at rkm 1797), which causes a hidden decrease of the flow dis-

charge. 
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Fig. 9 Cross-sectional bed levels and grain-size distribution curves at rkm 1794.9, rkm 1795.2, rkm 1795.8, rkm 1796.1, 1797.4 and rkm 1798.5. 
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Both phenomena (cross section widening and branch off) result in reduced water depth 

or water slope. Taking these findings into account, based on the slope method (Eq. 2.1) it 

turns out that the sediment transport capacity decreases at river section between rkm ~1796 

and rkm ~1798. This explains why the coarser sediments from the upstream settle and form 

gravel bars and why the bed surface is less armored in the thalweg at this section (see Fig. 8). 

Fig. 9 shows the cross-sectional bed levels and the related grain-size distributions. In-

vestigating the cross-sections in the stream direction the meandering nature and its effects can 

be stated. As the bed geometry suggests at rkm 1794.9 thalweg shifts to the left bank. The 

coloring of Fig. 8 clearly indicates the intensive narrowing of the channel here. The conse-

quent flow acceleration results in an increasing bed shear, which explains why bed sample 

nr.1 consist of the coarsest grains (Fig. 9, A). Apparently, this part of the bed is armored, 

since sand is almost completely absent (Fig. 9, A, solid line). The resistance of the bed surface 

is most probably high, because the historical flood wave (which happened a month before the 

A measurement campaign) was not able to break up the armor. Bed sample nr.2 is located a 

little farther from the thalweg. The sediment transport capacity is lower, which leads to the 

appearance of finer sand particles in the bed material. The shape of the grain-size distribution 

curve suggests that this point is in dynamic equilibrium state, i.e. the sediment supply and the 

eroded sediments are in equilibrium. Sample nr.3 contains almost only coarse sand, without 

significant amount of gravel or silt. At this near-bank point, probably sedimentation of the 

finer sediments occurs during mean and lower flow. Since, the historical flood wave washed 

out the near-bank zones, the rate of the finer fractions might have decreased. However, as 

coarse grain is not expected to reach this part, the amount of the coarser (> 20 mm) did not 

increase. That is to say, despite the quite high d90 (~20 mm), the morphological processes are 

rather defined by the sand sediment transport. 

 Based on the following statements it can be stated that although the points are in differ-

ent morphological phases, no significant morphological changes are expected. 

Fig. 9 B shows the cross-sectional bed levels involving an upper segment of the Vének 

upper gravel bar (sampling point nr.4). Fig. 8 indicates the shifting of the thalweg to the right 

bank. Also, as it was already mentioned, the cross section widens here, which leads to the 

transport capacity decrease. Therefore, close to the left bank, the flow has a lower erosion 

capacity. The coarser sediment grains arriving from upstream can therefore be trapped here, 

and the transport velocity of the finer grains also decreases. The grain size distribution of this 

point (Fig. 9 B, solid line) enhances this phenomenon, i.e. the rate of the coarser grains is sig-

nificantly higher that of finer particles. Since the larger grains are not trapped in the main 
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stream (Fig. 8), the rate of the gravel fractions is lower. Apparently, the transport capacity at 

sampling point nr.5 is high enough to wash out all the finer (< 2 mm) sands. Since the shapes 

of the three grain size distribution curves are quite similar, moreover, they almost overlap 

each other, the cross-section seems to be in dynamic equilibrium state and so none of the 

points indicate bed armor development or siltation. 

Fig. 9, C shows the bed levels and grain-size distributions regarding the cross-section 

between the Vének upper and lower gravel bars (Fig. 8). As the cross-sectional bed levels 

suggest, the thalweg is shifted to the left bank at this location. The coarsest bed material sam-

ple was, however, not taken from the left bank but rather from the center of the section (see 

points nr.7 and nr.8 in Fig. 9, C). Similarly to the previously analyzed cross-section, the simi-

lar and coincident grain-size distribution curves, containing all sizes of the fractions, charac-

terizes this part of the river. It can be concluded that this cross-section also represents dynam-

ic equilibrium state. At the same time, similarly to sample nr.3, point nr.9 belongs also to a 

near-bank region. Here, likely, the deposition and settling of the very fine materials take place 

during the mean and low flows, resulting in finer bed content. The shifting of the main stream 

also supports this statement. However, the historical flood probably flushed this part, thus 

decreased the sand content rate of the bed material. 

Fig. 9, D displays the geometry and bed content data regarding rkm 1795.8. As Fig. 8 

also indicates the thalweg is located still close to the left bank. It can be seen, that the thalweg 

includes the coarsest samples, nr.10 and nr.11 Although the d90 values are almost equal, the 

grain-size distribution curves show that bed material sample nr.10 contains almost only gravel 

(> 10 mm), which clearly indicates a developed bed armor here. In contrast, all sizes of the 

fractions can be detected in sampling point nr.11 and nr.12. Based on this, one quarter of the 

cross-section seems to be armored, while the rest represents dynamic equilibrium state. 

The grain-size distributions in Fig. 9, E show high variability in the cross section. This 

can be explained by the complex flow structure, which is caused by the combined effect of the 

groins at the left bank at rkm 1975.4 (see Fig. 3, opposite the Vének lower gravel bar), the 

main stream in the middle and the Vének lower gravel bar. It can be seen, that the coarsest 

point (nr.14) is located in the thalweg, but it contains finer fractions too. The d90 of sample 

nr.13 is somewhat lower, but the finer fractions (< 2 mm) are washed out entirely (Fig. 9, E, 

blue curve) from this material. Sample nr.15 contains coarser and finer grains also, but the 

finer particles (< 2 mm) are in high portion (35%). This can be caused by the trapping of the 

finer fractions. It is likely that the Vének lower gravel bar has a flow reducing effect at the 

direct downstream that finally decreases the bed shear stress. This phenomenon occurs pre-
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sumably during flood waves, as the examined bed material was taken in the falling limb of a 

flood wave. The grain-size distribution shows that the fractions between 2 and 6 mm are bare-

ly present, but coarser particles can also be found. Based on this it can be concluded that the 

prevalent flow is barely capable of eroding and transporting the coarser sand fractions (> 6 

mm), but it moves the finer (< 6 mm) particles. In turn, the lack of 2 – 6 mm gravels can be 

explained by the deficit of the coming sediments in this range. It is also an emphatic phenom-

enon, that the transports of the coarser gravels and finer sand can take place. However, pre-

sumably depending on the currant flow regime, once the sand, another time the coarser 

transport is the dominant. Based on these, the cross-section at rkm 1795.2 seems to be altera-

ble and morphological changes are expected. 

Finally, the cross-section downstream of the Vének lower gravel bar was analyzed. As 

Fig. 8 suggests the thalweg shifted to the right bank here. The coarsest bed material sample 

was collected from the right bank (Fig. 9 F), which contains mainly gravel (>20 mm). This 

refers to very coarse bed armor. Fig. 8 suggests a bar formation at this section. Indeed, the 

grain-size distribution of sample nr.16 supports this statement, because it contains all of the 

fractions, but as the d90 shows the coarser grains dominate. Sample nr.17 also contains all the 

fractions and the shape of the curve is equable. Thus, at this point the arriving and transported 

particles are roughly equal, consequently this part of the cross-section is in equilibrium state. 

An essential part of the field measurement was the determination of the local bed shear 

stress values. As Kim et al. [44] reported in their study, several methods exist to estimate the 

bed shear stress as a function of the flow conditions. Here, the bed shear stress was estimated 

based on the turbulent wall law [45] using the time averaged vertical velocity profiles ob-

tained from the fixed boat ADCP measurements. The turbulent wall law equation is: 

  ( )  
  

 
   (

 

  
), (2.2) 

where U(z) is the horizontal velocity as the function of the z, z is the level above the 

bed, u* is the bed shear velocity,   is constant von Karman (κ = 0.41), and z0 is the zero-

velocity level above the bed. 

Accordingly, the bed shear velocity value can be expressed using the equation of the 

logarithmic function fitted to the averaged velocity profile (e.g. [31]). Finally, the bed shear 

stress can be quantified as: 

 𝜏     
 , (2.3) 

where 𝜏 is the bed shear stress, ρ is the density of the water and u* is the bed shear ve-

locity. 
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The interaction between the near-bed flow conditions and the bed material could be well 

assessed by comparing the d90 grain size values and the local bed shear stress values at the 

measured points (Fig. 8). The different notations of the points indicate the typical location of 

the sampling point in the bed, such as thalweg, bank or gravel bar. The samples which were 

taken at the A measurement (in 2013) are marked by black outline, while the points belong to 

the B measurements are outlined in red color. 

A general and logical tendency can be observed, indicating that the increasing bed shear 

stress characterizes a coarser bed surface. This statement in fact refers to the selective erosion 

phenomenon. It is also remarkable, that the points are apparently separated and thus classifia-

ble according to their place in the river bed. The classes are; the points from the gravel bars 

are indicated by squares, the samples close to the bank and in the groin fields are marked by 

triangles and finally the circles are from the main stream. However, it can also be seen, that 

the classes cannot be identified based only on the bed shear stress, or the d90. Based on the 

comparison of the squares against the triangles it can be seen that generally at the same shear 

values the coarsest bed materials belong to the points of the bars, and the finer to the banks. 

The circles, however, are located at the higher bed shear stress part of the scale (> ~2 N/m
2
). 

This finding supports the statement that the forming and coarsening of bars can be explained 

by the trapping of the coarser gravels transported from upstream at locations by low dominant 

bed shear stress. There are two separated single points indicated by circles refering to a possi-

ble armor breakup, since a quite low d90 value belongs to a high bed shear stress. The other 

three circles with higher (> 6 N/m
2
) bed shear stresses suggest bed armoring, as the corre-

sponding bed material at these locations is rather coarse, d90 > 40 mm. 

 
Fig. 10 d90 values of the bed material samples as the function of the related local bed shear stress values.  
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The Figure shows that the bed material in the main channel is quite coarse, d90 is typi-

cally larger than 20 mm. This supports the state of Varga-Lehofer [41], accordingly the 

transport capacity of the low- and mean flow regime seems to be not high enough to move the 

bed material in the main channel. 

2.3 Morphological investigation of the Vének upper and low-

er gravel bars  

The Vének upper bar can be found in the examined Danube reach (Fig. 4) at the left 

bank of the river, at rkm 1797, while the Vének lower bar is located at the right bank, between 

rkm 1795 and rkm 1796. As the study of Varga-Lehofer [41] presented, considerable bed 

changes occurred in the vicinity of the bar, between rkm 1797 and rkm 1794, but exact trends 

for the whole reach cannot yet be detected. However, because of the appearance and for-

mation of the bar, the navigation became more and more difficult at this river reach. There-

fore, the morphological processes around these bed forms were studied in more detail in order 

to determine the dominant bed change processes and the potential trends. 

Cross-sectional bed geometry measurements were carried out by the North-

Transdanubian Water Directorate in Hungary. Based on these data, the investigation of the 

spatial changes of the bar was performed based on the bed level change maps  from 2006-

2007, 2007-2009, 2009-2012 and 2012-2014 for the Vének upper bar (top figures), and 2006-

2007, 2007-2012 and 2012-2014 for the Vének lower bar (bottom figures), respectively (Fig. 

11). In 2009, the water level did not let the survey boat go over the Vének lower bar, thus the 

bed geometry from that year could not be measured. 

By investigating the Vének upper bar bed changes (Fig. 11, top figures) it can be seen, 

that river bed aggradation occurred at the downstream of the bar (right edge of the dotted line, 

Fig. 11, top two figures) between 2006 and 2007 as well as between 2007 and 2009. Over the 

same period, the growing of the bar in the upstream direction can also be detected. No re-

markable transversal changes can be observed between 2006 and 2009. From 2009, both lon-

gitudinal and transversal reduction of the bar is visible (Fig. 11, third top figure, dotted line). 

The bar was shortened by ~20 m at both the upstream and downstream sides. The transverse 

erosion can also be detected; the bar had narrowed by 15 m in average between 2007 and 

2014. Despite the fact that the dotted contour line indicates significant spatial decrease of the 

bar, the bed change maps show that the maximum bed level lowering was only about 0.5 m. 
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Fig. 11 Bed level difference maps for periods 2006-2007, 2007-2009, 2009-2012 and 2012-2014 of Vének upper gravel bars (top figures), and 2006-2007, 2007-2012 and 2012-

2014 for the Vének lower gravel bar (bottom figures). The continuous line shows the 106.5 m ASL in year 2007 in each figure, while the dotted line indicates the 106.5 m ASL of the 

given year. 
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At the Vének lower gravel bar, it can be seen that the contour of the bar changed insig-

nificantly during the examined eight years, the 106.5 m ASL contour line almost did not 

change (Fig. 11, bottom figures). The only remarkable alteration occurred at the downstream 

and at the left side of the bar. Between 2006 and 2007, 2007 and 2012, and also between 2012 

and 2014, the transversal growth of the bar can be seen. Beside the stable contour line, the bed 

change maps show important bed change both at the downstream and left side of the bar, and 

at the whole cross-sections of this river section. The bar has not changed in longitudinal direc-

tion between 2006 and 2014, but the bed level incision between 2007 and 2012 (blue spots) 

and bed level increase is visible (red spots) between 2012 and 2014 at the downstream end. 

The variable nature of the cross-sections at this river reach was stated based on the grain size 

distributions of the rkm 1795.2 cross-section (Fig. 11 D). 

Summarizing, the bed change maps suggest that both the Vének upper and lower gravel 

bars are stable and they don’t show any major geometrical change nature, which could affect 

e.g. the navigation. On the other hand, remarkable bed changes took place at the downstream 

end of the Vének lower gravel bar. However, based on the couple years bed change maps, no 

trend of this change can be detected. Thus it seems that the effects of the erosion and growing 

of the downstream end of the Vének lower gravel bar balance each other. 

2.4 Bed load regime investigation 

During the regular bed load transport measurements carried out by the North-

Transdanubian Water Directorate 66 bed load samples were taken from the Medvedov-

Vámosszabadi Bridge (rkm 1806, see Fig. 2 and Fig. 5) under different flow regimes charac-

terized with a discharge range of 949 m
3
/s and 4670 m

3
/s. According to the regular method 

seven samples are taken from the cross-section by the same method and equipment (modified 

Károlyi bed load sampler [27]). The sampling interval is 15 minutes. Based on the results of 

the 18 year long data collection, the bed load regime, which represents the upstream end of 

the study river reach, can be analyzed. 

Fig. 12 shows the measured bed load discharge values versus the flow discharge. The 

values are separated for consecutive 6 consecutive years. The rating curves were determined 

by fitting power functions separately for the three indicated periods. A significant scattering 

of the points can be observed, however, a clear tendency is also detectable, showing a consid-

erable decrease of the bed load transport in time. For instance, the bed load rate at mean flow 

discharge (~2000 m
3
/s) drops from 0.7 to 0.02 kg/s, i.e. with 97%. This phenomenon suggests 



Field measurements based morphological investigation

  23 

 

that the previously recognized erosion between the Gabcikovo hydroelectric power plant and 

Medvedov-Vámosszabadi Bridge (rkm 1819-1806) became less significant. 

 
Fig. 12 Fitted bed load rating curves for three time periods, 1998-2003 (dotted line, diamonds), 2004-2009 

(dashed line, stars) and 2010-2015 (line, triangles), respectively. 

However, it is very important to emphasize that the examined data barely contain points 

in the most essential high-water part of the scale (there is only one point, where Q > 4000 

m
3
/s). Thus, the bed load yield regarding to the high water regime can be estimated by a rough 

approximation, based on the extrapolation of fitted curve regarding the low- and mean-water 

levels. This statement also highlights the necessity of the bed load measurements at high flow 

discharges. 

Based on the latest (2010-2015) fitted bed load rating curve, the flow rating curve 

(1998-2016) and the water level frequency curves, the likely present yearly bed load amount 

corresponding to the water levels can be predicted. This graph can be seen in Fig. 13, regard-

ing rkm 1801. Here, the “0” point on the water level gauge is at 107.4 m ASL. Herein it is 

also emphatic that the reliability of the curve at the high-water range is reduced because of the 

deficit of the high-water measurements. 

The right part of the Figure shows that despite the fact that the bed load increases rapid-

ly by the water level (middle Fig., red curve), the highest annual bed load movements occur 

rather at lower levels, around the mean (2000 m
3
/s) flow discharge. The water level at which 
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the higher amount (~36 t) of bed load is transported can be seen, which belongs to Q ≈ 2100 

m
3
/s flow discharge. In consequence, at this water level the most intense bed level changes 

take place, this flow discharge is therefore called bed-forming flow discharge. 

Calculating the annual bed load amount regarding the discharges above the bed-forming 

flow it turns out that 66% of the annual bed load is transported at the higher water level (Q > 

2100 m
3
/s). Liedermann et.al [46] investigated the Danube reach at rkm 1884.5-1887.5, ~80 

km upstream from the herein studied reach. That study found the same, ~2100 m
3
/s as the 

bed-forming, or effective discharge for bed load. 

Based on these findings, the following assumption can be made: along the eroded reach 

(between rkm 1812 and rkm 1800) bed armor and a consequent stable river bed has already 

developed. Furthermore, due to the decreased amount of bed load transport from the upstream 

sections the aggradation process at the study site also became less important, enhancing the 

equilibrium conditions and handicapping the growing of the Vének gravel bars. 

As a matter of fact, the decreasing trend of the bed load discharge was also reported by 

Holubová et al. in 2015 [39]. In that study a completely different approach was used, as a 1D 

sediment transport model was applied for the morphological investigation of the Danube. 

Their results also show a clear decreasing tendency in the long-term bed load transport. 
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Fig. 13 The water level frequently curve, flow (1998-2016) and bed load (2010-2015) rating curves and the likely yearly bed load amount as the function of the water level, 

respectively. 
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3 Introducing and validation of a sediment transport 

calculation method 

In the previous chapter, the morphological investigation of the Danube river reach be-

tween rkm 1794 and rkm 1799 based on field measurements was introduced. Although, the 

field measurement data service important information which could not be obtained otherwise, 

the need of a deeper morphological study justifies the application of the numerical sediment 

transport modeling. Thus, the spatial and temporal changes and processes can be described 

more accurately and the potential morphological trends and prevailing regime can be estimat-

ed. 

The selection of the applied appropriate sediment transport method must be preceded by 

a careful preliminary examination. There are, however, a large amount of empirically derived 

bed load transport formulas. A comprehensive collection of the most widely applied formulas 

can be found, for instance, in Sedimentation Engineering Handbook [19]. The collection con-

tains the most relevant sediment transport models, such as the ones from Meyer-Peter and 

Müller [4] from Einstein [1], Ashida and Michiue [3], Parker, Klingeman and McLean [47], 

surface-based relation of Parker [48], two-fraction relation of Wilcock and Kenworthy [49], 

surface-based relation of Wilcock and Crowe [50], relation of Wu et al. [10] and of Powell et 

al. [51]. The summary provides a short description of the hydraulic and sediment conditions 

of the experiments for which the given bed load formulas were developed. These conditions 

thus actually define the applicability limits of the formulas.  

As in the introduction was already mentioned, in case of the van Rijn formula, [52], the 

benchmark flume tests and experimental data for calibration and validation were carried out 

with finer bed materials [4], [52]–[57]. Thus, based on the morphodynamic features of these 

measurements, the recommended application range of the formula is limited only for sand 

fractions. In contrast, the relation of Wilcock and Crowe [50] were developed for coarser, 

sand-gravel mixture [58].  

Thus, e.g. in case of the investigated Danube reach, where the complex flow and mor-

phological features result in different morphodynamic processes like scouring, bed armoring, 

aggradation and erosion of finer particles at the same time, reliable bed change estimation 

could not be expected by the application of one chosen sediment transport formula. Therefore, 

a concept of a novel sediment transport modeling method was draw up, which applies a com-



Introducing and validation of a sediment transport calculation method

  27 

 

bined bed load transport description using two distinct empirical equations at the same time, if 

the spatial distribution of the bed material composition is strongly inhomogeneous. 

 

As a benchmark study for the validation and verification of the novel method, laborato-

ry experiments were carried out in an 11 m long and 1 m wide recirculating flume [31]. In the 

channel, a 0.33 m long obstacle was installed perpendicular to the flow, 5 m far from the end 

of the flume. The local coordinate system and the sketch of the flume are shown in Fig. 14. 

  

 
Fig. 14 Perspective view of the flume from upstream (top) and the layout in a distorted sketch. 

The initial bed material was a sand-gavel mixture. The experiment was carried out at 

three different constant discharges: Q1 = 58 l/s, Q2 = 72 l/s and Q3 = 100 l/s, respectively. The 

water depths at the outlet were h1 = 13 cm, h2 = 14.3 cm and h3 = 17.5 cm, respectively. The 

first experiment with the lowest discharge was run until reaching the equilibrium bed geome-

try. The second experiment started from this condition and was run until the new equilibrium 

condition and finally the third experiment was carried out in the same way. The flow condi-

tions, the sediment transport and the bed morphology were monitored throughout the experi-

ments as can be read in the Appendix, in Chapter 8.1. The suspended sediment yield was neg-

ligible low during the each run. 
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3.1 Introducing of the novel sediment transport modeling 

method 

The field measurements and the morphological processes of the investigated Danube 

reach was summarized in Chapter 2, where the morphological features were also presented. 

As it was shown, bed armoring process and the transport of finer particles were also revealed. 

Therefore, when selecting the suitable formulas to be used in the numerical model we consid-

ered the followings: one of the transport models has to be able to describe the coarsening pro-

cess together with the bed armor development, while the other one has to well estimate the 

transport of the fine material. 

For this purpose, the bed load transport equations of Wilcock and Crowe [50] and van 

Rijn [52] were selected. From now, the Wilcock and Crowe formula will be indicated with 

W&C, while the van Rijn will be with vR. The point of the novel method is that the sediment 

transport is calculated everywhere in the investigated river reach by the sediment transport 

formula, which is assuming to be the more reliable for the local morphodynamic features. 

Thus, within a given examined area, in some areas the one, in other areas the other formula 

calculates the sediment transport. That is, a suitable criterion had to be found which is ex-

pected to realize what kind of sediment transport nature (scouring and bed armoring, related 

to the motion of rather the coarser grains, or rather the motion and aggradation of the finer 

fractions take place) can be observed at a given place. Based on this classification, a suitable 

criterion is able to decide which sediment transport formula (W&C or vR) to use. 

So, the novel method does not mean the development of a new sediment transport for-

mula. But taking into account the applicability limits of the existing formulas, more reliable 

results are expected by the combined use of them. 

3.1.1 Wilcock and Crowe bed load transport formula 

The well-known surface-based bed load formula of W&C was developed for mixed 

gravel/sand sediments. The gravel ranged in size from 2.0 to 64 mm, the sand from 0.5 to 2.0 

mm. They conducted laboratory experiments in a tilting laboratory flume, in which both the 

water and the sediments were recirculated. Five different sediment mixtures were investigat-

ed, varying the sand content of the sediment mixtures from 6.2% up to 34.3% [58]. The mix-

ture grain-size distribution used in the experiments of Török et al. [31] (Fig. 66) and of Wil-

cock et al. [58] show good match. In case of the experiments of Wilcock et al. [58], dm grain 

size of the initial bed materials were in the range of 4.1-10.5 mm, whereas dm was 8.7 mm the 
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measurements of Török et al [31]. The W&C formula is therefore expected to be capable of 

describing the gravel/sand bed load transport processes in our experiments. In case of such 

non-uniform bed material, the interaction between (hiding and exposure) the particles of dif-

ferent sizes plays an essential role in the stability of the sediments and can result in bed ar-

moring. The W&C formula is reported to be capable of predicting the transient conditions of 

bed armoring, or scouring processes. The preliminary numerical simulations of Török et al. 

[59] also supported this statement. 

The transport formula uses the collapse similarity hypothesis, which estimates the frac-

tional sediment transport rate (wi
*
) as the function of the ratio of the shear stress (𝜏) and the 

reference shear stress (𝜏ri). The reference shear stress 𝜏ri is the value of 𝜏 at which wi
*
 is equal 

to a small but already perceptible value wi
*
 = 0.002. That is the reference shear stress has a 

similar physical meaning to the critical shear stress (𝜏c), which indicates the initiation of mo-

tion of particles. The dimensionless transport rate is obtained according to the following equa-

tion: 
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, (3.1) 

where 

   𝜏 𝜏  ⁄ .  (3.2) 

The volumetric transport rate per unit width qbi can be expressed from the following 

formula: 
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 , (3.3) 

where Fs is the proportion of sand in surface size distribution. 

For the estimating of 𝜏ri, the W&C model suggests that the stability of the sediment par-

ticles depends on the sand content. Thus 𝜏ri can be calculated by the following steps: 

 𝜏  
                   , (3.4) 

where 𝜏*
rm is the dimensionless reference shear stress for mean size of bed surface. The 

reference shear stress for the mean size can be obtained from the particle Froude number 

equation: 

 𝜏  
  

   

 (     ) 
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Then, the last step is the estimation of the reference shear stress for the particle sizes 

separately: 
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3.1.2 Van Rijn bed load transport formula 

The development of the vR formula is based on laboratory and field measurements. Van 

Rijn presented a mathematical method for the computation of bed load transport rate. The 

formula is basically the numerical solution of the equations of motions for a solitary particle. 

The mathematical model was calibrated based only on the experiments of Fernandez Luque 

[53], [54], where the motions of uniform particles (d = 0.18 mm) under steady flow (u* = 0.04 

m/s) were monitored. 

The lifting term of the equation of motion for a particle is derived as [60]: 

   (     )      
       (

  

  
)
   

, (3.8) 

where FL is the lift force,  L is the lift coefficient, ν is the kinematic viscosity coeffi-

cient, ρ is the density of fluid, vr is the relative particle velocity and     ⁄  is velocity gradi-

ent. The mathematical method uses Eq. 2.2 for calculation of the vertical flow velocity distri-

bution. 

The volumetric bed load transport rate is defined as: 
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where qb is the bed load transport per unit width, D50 is the particle size, s is the specific 

density, g is the acceleration of gravity, T is the transport stage parameter, can be represented 

as:  
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where u*,cr is the critical bed shear velocity according to Shields [61],   
  (      ⁄ ) ̅ 

is the bed shear velocity related to grains, where C´ is the Chézy-coefficient related to grains 

and  ̅ is the mean flow velocity. 

In the eq. 3.7, D* is the particle parameter defined as: 
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. (3.11) 

Finally, the vR formula was verificated based on 56 field measurements and 524 flume 

data. The bed load formula is recommended to use for particles in the range of 200-2000 μm 
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(i.e. below 2 mm). As such the formula is not expected to reliably calculate the motion of 

gravels and the interaction between particles of different sizes and to describe such a process, 

like bed armoring. However, the model can presumably describe the transport of finer grains. 

Both W&C and vR models are well tested and were applied in several numerical model-

ing studies of riverine sediment transport (e.g. [59], [62]–[70]). 

In the followings of this chapter, based on laboratory experiments the advantage of the 

combined method is introduced based on the comparison of the result calculated by the usual, 

and combined use of the W&C and vR formulas. 

3.2 Validation of the sediment transport method 

3.2.1 Applied numerical model 

The numerical model used in this study [71] solves the 3D Reynolds-averaged Navier-

Stokes (RANS) equations with the k-ε turbulence closure (see e.g. [15]) by using a finite-

volume method and the SIMPLE algorithm [72] on a 3D non-orthogonal, vertically unstruc-

tured grid. The momentum equations are in the complete form, describing the hydrodynamic 

effects in all directions [73]. The hydrodynamic and mathematical description of the numeri-

cal model can be read in Chapter 8.2. 

Dirichlet boundary conditions have to be assigned at the inflow boundary [71]. At the 

outflow boundaries, zero-gradient conditions are used for all variables. As the boundary con-

ditions for the RANS equations, at the inflow boundary the water discharge, at the outflow 

boundary the water level was set according to the laboratory experiments introduced above 

(Table 1). In the first cell, on the bed and side walls the velocity profile is calculated from the 

well-known logarithmic formula (Eq. 2.2, [45]). At the water surface, Ux, Uy, P and ε (turbu-

lent dissipation) have zero gradient boundary conditions, whereas Uz is set to a certain value 

and k is equal to zero. 

The calculation steps of the numerical model are as the followings. Firstly, in a compu-

tational time step, the flow solver calculates the pressure and velocity distribution together 

with the turbulence parameters, k (turbulent kinetic energy) and ε. Then, based on the distri-

bution of k at the bed, the bed shear stress can be derived. The bed composition is used then to 

calculate the reference, or critical bed shear stress (depends on the given sediment transport 

formula). The volumetric transport rate for each sediment fraction is determined based on the 

functions of the activated sediment transport formula. Based on the estimated inflowing and 

transported sediment amount, finally, the bed change can be estimated for each cell as [74]: 



Introducing and validation of a sediment transport calculation method

  32 

 

     
(   )

 
   

 (   ) (
     
(     )

  (     )       
(   )

  (   )  

     
(     )  (     )       

(   )
  (   )

),  (3.12) 

where  

     
(   )

:  change in quantity of bottom sediment at location (   ) [kg/m
2
], 

   : computational time-step [s], 

  (   ): area of computational cell at location (   ) [m2
], 

      
(   )

: computed bed load sediment transport vector in u direction, held at the u 

point of the computational cell at (   ) [kg/(m s)], 

   (   ): cell width in the x direction, held at the V point of cell (   ) [m], 

   (   ): cell width in the y direction, held at the U point of cell (   ) [m]. 

Once the bed geometry is regenerated, a new iteration step starts recalculating the flow 

field. The iteration steps end, if the changed bed form does not result in alteration of the 

hydrodynamic variables. Then, a new iteration begins for the next time step. 

The applied horizontally structured grid can be seen in Fig. 15. 

 
Fig. 15 Sketch of the computation grid. 

In order to ensure the hydrodynamically correct inflow boundary conditions, the com-

putational grid was extended in the upstream direction with a 10 m long section. This virtual 

section was set to non-erodible. The study domain was discretized with 440 cells in the 

streamwise direction and 20 cells in the lateral direction, respectively, yielding an average 

horizontal resolution of 0.05 m (Fig. 15). Vertically 9 layers were defined. Local grid refine-

ment was applied in the vicinity of the groin in both horizontal directions to capture the local-

ly high gradients of the flow and sediment transport features. Since only emerged situations 

were simulated, the grid cells representing the groin were considered to be dry cells. 

3.2.2 Model setup 

The hydrodynamic and sediment transport models were parameterized as described in 

the following points. The poorly-sorted bed material was discretized with five fractions in the 

numerical model. The following grain sizes were defined: d1 = 1.34 mm, d2 = 5.0 mm, d3 = 



Introducing and validation of a sediment transport calculation method

  33 

 

12.0 mm, d4 = 23.75 mm and d5 = 47.75 mm, respectively. Based on the preliminary sieving 

analysis the following fractions were given: f1 = 0.25, f2 = 0.48, f3 = 0.15, f4 = 0.07 and f5 = 

0.05. 

An essential task of the model setup was the determination of the active layer. The con-

cept of the active layer was published e.g. by Parker et al. [75]. The concept says that the bed 

can be separated into two layers: the upper is the active, the lower is the substrate layer. The 

active layer is a given thick of the surface, which can interact with the transported sediments. 

Thus the sediment transport can cause changes (bed level, bed content) only in the active lay-

er, but not in the substrate layer. Accordingly, the bed material can differ in the two layers. 

The active layer thickness is constant, but the content can change both in time and space. In 

case of erosion, the content is replenished from the substrate layer. Otherwise, the deposited 

sediment also results in some bed content change in the active layer. However, the constant 

active layer thickness can cause inaccuracy. E.g. if the deposition is larger than the active lay-

er, the bed content at the lower part of the deposition will not be equal to the deposited sedi-

ment content, but to the bed content of the substrate layer. That is, the soil stratification can-

not be taken into account. Such an inaccuracy can lead to further error in the bed change cal-

culation. Sensitivity analysis pointed out that the bed armor development depends on the ac-

tive layer thickness; if the user underestimates the active layer thickness, the bed armor devel-

ops earlier, so the model estimates smaller erosions. In turn, if the active layer thickness is 

overestimated, more significant scouring and erosion can be expected.  

As to this research, the active layer thickness was determined based mainly on visual 

observation during the measurements. The thickness was set to 0.01 m. In accordance with the 

flume experiment, no sediment inflow was supplied at the upstream boundary and suspended 

sediment motion was not estimated by the numerical model. 

3.2.3 3D flow model validation 

Although the numerical representation of the bed roughness is not straightforward, it is 

an essential part of the calculation of the sediment transport rate since it directly affects the 

bed shear stress field. In this regard a comparative assessment of the bed shear stress values 

estimated from ADV measurements and the ones calculated by the numerical model was per-

formed. As mentioned before, the ADV measurements were completed at each run after 

reaching the equilibrium bed geometry and related equilibrium bed material composition. The 

local bed shear stress values were estimated based on the lowermost point measurements us-

ing the TKE Method [76] introduced in Fig. 16. In the numerical model two approaches were 
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used to estimate the bed roughness, according to van Rijn [52] and Wilcock and Kenworthy 

[49]. The first approach suggests ks,vR = 3.0d90 [77], which was elaborated, by van Rijn [78] 

and the second one suggests ks,W&K = 0.84d90 [49]. For model validation purposes the first 

model variant was used, i.e. a discharge of Q1 = 58 l/s and an outlet water depth of d1 = 0.137 

m were defined as boundary conditions at the inlet and outlet sections, respectively. The cal-

culated bed shear stress distributions were visualized in Fig. 16. The estimated bed shear 

stress values are also plotted in the figures by circles. 

 
Fig. 16 Calculated bed shear stress distribution by the numerical 3D model. above:          , below: 

          . Circles refer to the estimated shear values from the ADV measurements. 

The estimated local values from ADV measurements are considered as an adequate or-

der of magnitude indicator of the bed shear and shows well the spatially varying behavior of 

the parameter. The figures show that the numerical model, where the bed roughness was esti-

mated using the ks,W&K formula, resulted in much better agreement, particularly in the sur-

roundings of the groin. Significant difference cannot be observed, especially taking into ac-

count that measurements were not conducted at that exact location. It is also visible that the 

van Rijn formula results in a major overestimation which, as discussed later on, provokes 

more intensive erosion in the numerical model than in the experiments. 

Besides the bed shear stress distribution, time averaged flow velocities were also as-

sessed. Depending on the given water depth, 5-10 points were measured at each vertical based 

on the flow depth. For model validation purpose, the measured velocity values were compared 

to the modeled flow velocities. For better understanding not only the horizontal velocity mag-

nitudes were studies, but the velocity vectors were decomposed into streamwise and trans-
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verse components and the comparative analysis was performed separately, too. Fig. 18 shows 

the vertical velocity distributions both from the measurements (dots) and the numerical model 

(lines). 

In order to avoid boundary effect caused uncertainties in the numerical model close to 

the inlet section the numerical domain was extended in the upstream direction with the length 

of the flume. Thus, the calculated flow pattern regarding to the flume part (x < 11 m) was not 

disturbed by the boundary effect, including the inlet section (x ≈ 11 m). Indeed, the agreement 

between measured and calculated velocities was fairly good already at the most upstream sec-

tion, at x = 10.5 m. In overall, the streamwise components of the flow velocities were well 

captured by the numerical model. The vertical distribution does not follow the typically loga-

rithmic profile but rather a combination of two logarithmic functions which can be explained 

by the complex bed morphology. This behavior can be observed both from the experiments 

and the numerical calculations. Higher differences are found at locations where the influence 

of this sort of topographic steering is even stronger, i.e. at the local scour (Fig. 18, D and E), 

especially at the highest flow discharge. 

 
Fig. 17 The interpretation of the signs of the velocity vectors. 

As to the transverse velocity components the deviation from experiments is more sub-

stantial. There are some weak transverse flows measured close to inlet and outlet sections (at 

x = 1 and x = 10.5 m), where the flow pattern would be expected to be more symmetrical. 

This measured flow pattern appears to have resulted from the transversal non-homogeneous 

in- and outtake in the laboratory experiments, instead of the effect of the groin. This is there-

fore not reproduced by the numerical model. On the other hand, the groin and the consequent 

local scour were influenced by vortex flow, and can be clearly seen at sections x = 5 m and x 

= 5.2 m. The strongly varying transverse flow vertically is in fact reproduced by the numeri-

cal model, however, there are remarkable differences between the measured and calculated 

values. Higher vertical gradients characterize the secondary flow in the experiments, in which 

the reproduction of which is apparently a bottleneck of the numerical model. Indeed, the accu-

rate description of the coherent flow structures around obstacles is a known limitation of the 

steady RANS modeling (e.g. [13], [18], [79], [80]). 
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Fig. 18 Calculated and measured vhozitontal (first column), vx (second column) and vy (third column) vertical velocity profiles at the three equilibrium states. Three diagrams in a 

row belong to one vertical, whose position can be identified by the letters (A,B,C…F) in Figure 7. The y axes show the water depth, while the x axes indicate the horizontal, 

longitudinal and the transversal velocity values. The model calculation was carried out by           . 
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longitudinal and the transversal velocity values. The model calculation was carried out by           .  



Introducing and validation of a sediment transport calculation method

  39 

 

The underestimation of the secondary flow strength can influence the transversal 

transport of the eroded material which can result in the underestimated mobility of the sedi-

ment deposition downstream of the groin. Also, a known limitation of the Reynolds averaged 

description of the flow field is that the dynamic eddy structure resulted by the vertical shear 

layer at the obstacle is not reproduced. The increased sediment transport capacity is inherently 

simulated by the turbulent kinetic energy (see. e.g. [81]) but the temporal variation of this 

high energy zone is not simulated due to the time-averaged approach. The accurate prediction 

of the deposition patterns are also an essential goal of this study, however, because of the lim-

itation of the steady RANS modeling, a less mobile deposition pattern can be expected. 

3.2.4 Implementation of combined bed load transport models 

Finally, the numerical implementation of the bed load transport formulas is presented. 

The computational program [71] which calculates the hydrodynamics includes the sediment 

transport module in a Dynamic Link Library (DLL), which is freely modifiable. The functions 

of the bed load transport formulas and the criteria, which are discussed later, were implement-

ed by coding them in the DLL file. 

The numerical modeling of bed load transport consists of two steps. First, the critical (if 

vR model is used) [52] or the reference (if the W&C model is used) [50] bed shear stress is 

determined based on the local bed material composition for each computational cell. The crit-

ical bed shear stress is defined as the value, at which the motion of a given particle size begins 

[61]. In turn, the reference shear stress is the value at which the dimensionless transport rate 

(wi
*
) is equal to 0.002, which is a small, but considerable transport rate [82]. Second, the 

transport rate (qbi) is calculated applying the local bed shear stress calculated by the hydrody-

namic model. Then, a suitable criterion had to be found to decide which formula to use. In the 

case of the validation laboratory measurements, a preliminary analysis based on the measured 

spatial and temporal changes of the bed composition showed that a suitable indicator to dis-

tinguish between the two approaches of the bed load transport can be the d90 grain size. It was 

shown, that in zones where the characteristic d90 is lower than the initial d90 the grain size 

distribution becomes uniform and the transport of the finer fractions is increasingly more 

dominant. Therefore the vR formula is expected to be more reliable. This is typically the case 

outside the region of the scour hole and in the deposition zone downstream of the groin. On 

the other hand, if the d90 exceeds the initial value, it is the indication of the selective erosion 

process and the consequent bed armoring, and the W&C formula will provide better estimates 

on the bed load transport. In zones, typically where no significant change occurs, where the 
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d90 is around the initial value (d90,initial), a weighted form of the two models are used, in which 

the weight is calculated according to Eq. 3.14. The form was elaborated according to the ex-

periences; a 0.001 m transition range [d90,initial; (d90,initial – 0.001 m)] ensures the stable model 

calculation. 

Accordingly, the following combination of the two formulas is proposed:   
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, (3.13) 

where 

   
 

     
(               ). (3.14) 

It is essential to note, that the herein introduced decision criterion (Eq. 3.13) is not a 

generally useable method. However, in the case of the laboratory experiment, where the initial 

bed material was uniform and according to the measurement results, the     value indicates 

well the sediment transport nature, therefore reliable decision is expected from Eq. 3.13. 

Referencing to the model setup (Fig. 66), the initial d90 was 0.021 m. 

3.2.5 Validation results  

The results of the morphodynamic simulations were assessed through the measured ver-

sus the calculated equilibrium bed geometry and the corresponding local mean grain size of 

the bed material. All the three runs were analyzed at Q1 = 58 l/s, Q2 = 72 l/s and Q3 = 100 l/s, 

respectively. Numerical simulations were performed applying the i) vR bed load transport 

formula, ii) W&C bed load transport formula and iii) the combined approach. The measured 

bed geometry after reaching equilibrium conditions at Q1 = 58 l/s indicates the formation of a 

scour hole at the tip of the groin with a depth of 0.03 m (Fig. 19). 

The eroded material is partly transported in the downstream direction, and partly cap-

tured by the recirculation zone. This leads to the formation of a local deposition zone with a 

maximum height of 0.02 m. Using the van Rijn formula in the numerical model a significant 

overestimation of the bed changes can be observed. The highest point in the deposition zone 

is around 0.10 m, whereas the deepest point in the scour hole is around 0.14 m. This result 

clearly confirms that van Rijn formula overestimates the mobility of the finer particles in case 

of a gravel-sand mixture (Fig. 19-i). On the other hand, the application of the W&C formula 

results in more realistic bed changes pattern (Fig. 19-ii). The depth and the shape of the scour 

hole are fairly well estimated, however, the size of the deposition zone is considerably larger 
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in the simulations. The location and extent of the sediment deposition is somewhat better pre-

dicted with the combined transport formula (Fig. 19-iii) as the height of the bar developed in 

the flume centerline is lower than the one resulted by W&C formula. However, this approach 

still shows overestimation of the deposition pattern. This might be the result of the above 

mentioned limitations of the applied 3D RANS flow model. 

 

 

 

 
Fig. 19 Measured and simulated equilibrium bed levels at Q = 58 l/s (measured, i – vR, ii – W&C formula, iii - 

combined approach). 

The spatial distribution of the measured d50 values (circles in Fig. 20) indicates an over-

all coarsening of the bed material after the first run. 
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Fig. 20 Measured (circles) and calculated (i – vR, ii – W&C formula, iii - combined approach) d50 distribution at 

Q = 58 l/s. 

It can, however, be observed that the coarsening is stronger in the narrowest section of 

the flume. In this zone the originally 5.2 mm d50 increases to 12 mm, whereas in the upstream 

section and in the recirculation zone the d50 is around the initial diameter. The numerical sim-

ulations using the van Rijn formula show unrealistic local coarsening around the groin, en-

hancing the limitation of this approach when inhomogeneous bed material is present (Fig. 20-

i). The W&C formula shows the similar behavior of the d50 pattern along the flume to the 

measured ones. The selective erosion of the finer particles, i.e. the coarsening in the main 

stream is well reproduced, however, the coarsest grain size in the scour hole indicates larger 

grains in the simulations (Fig. 20-ii). It has to be noted, that the measured (image-based) anal-

ysis represents an averaged d50 for a ~0.1 m x 0.1 m size square, whereas the numerical model 

results belong to the given grid points. The application of the combined formula leads to a 

very similar pattern of d50, than in the previous model variant. The selective erosion in this 

case, however, appears along the whole downstream section where the van Rijn model is acti-

vated with higher weight in the bed load transport model. 
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Fig. 21 introduces the simulation results for the flow discharge of Q = 72 l/s. Fig. 21 

shows, the higher discharge implied more intensive bed changes. The deposition zone shifted 

closer to the right flume wall and extended mainly in the downstream direction. The elevation 

of the highest point increased a few cm during this run. On the contrary, the scour hole tended 

to deepen further and extended to the upstream direction. 

 

 

 
Fig. 21 Measured and simulated equilibrium bed levels at Q = 72 l/s. (ii – W&C formula, iii - combined 

approach). 

As mentioned above, the vR model calculated extremely high morphological changes 

and so the simulations diverged (results from those simulations are not shown therefore). The 

elevations of the highest deposition point and the lower scour point, estimated by the W&C 

and the combined model are overestimated in both cases. Neither of the models reproduced 

the extent of the scour hole towards the upstream direction. The major difference between the 

W&C and the combined models is that the combined one indicates higher transport capacity 

in the main stream, and consequently less deposition can be observed in that version. The d50 

distribution of the W&C model also indicates that the eroded particles deposited right after the 

erosion zone (Fig. 22-ii). Nevertheless, the combined model seems to result in less stable par-

ticles in the main stream and so indicates higher d50 values at the downstream of x = 3.5 m 
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(Fig. 22-ii). Thus, the combined model calculates barely deposition in the main stream (Fig. 

22-iii). The combined model overall shows better agreement with the measurements.  

The measured equilibrium bed levels after the last run (Fig. 23) show that the local dep-

osition formed during the previous two runs stopped growing, moreover, a part of it was 

eroded. 

 

 
Fig. 22 Measured (circles) and calculated (ii – W&C formula, iii - combined approach) d50 distribution at Q = 

72 l/s. 

As it could be observed in the laboratory experiment, a significant amount of the sedi-

ments was exported from the flume suddenly at the highest discharge, while the rest, as a 

dune formation, tended to shift much slower towards the outlet direction [31]. This deposition 

zone reached a stable state before the outlet section. It can be observed that the lowest point in 

the scour hole deepened by 4 cm. The highest parts of the deposition zone also decreased, 

showing a total deposition height of 1.5 cm compared to the initial bed level. 

The calculated final bed levels can be seen in Fig. 23-ii and in Fig. 23-iii. Similar to the 

experiments, the further deepening at the tip of the groin is visible. Similar to the previous 

cases, the estimated level of the deepest point was acceptable; the difference was less than 1.5 

cm. Although the Wilcock and Crowe model was not able to reproduce the erosion in the up-

stream from the groin, a major difference can be noticed at the downstream part of the scour 

hole. In accordance with the previously experienced behavior of the models, the Wilcock and 

Crowe model [50] overestimates the stability of the finer eroded sediments, indicating a fairly 

stable position. Accordingly, not only local deposition occurs, but the surrounding averaged 

bed level also increased. It is also remarkable that a significantly higher (~2 cm) deposition 

zone formed. In contrast to the laboratory measurement, no dune formation could be detected 
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at the outlet section in Fig. 23-ii and in Fig. 23-iii. However, the deposition zones have two 

peaks. This suggests a similar phenomenon as in the laboratory case: a part of the dune for-

mation tended to shift downstream and separated. Although the combined approach was not 

able to reproduce the dune formation at the outlet section, the separation of the dunes and the 

shifting of the lower dune were modeled more reliably. 

 
Fig. 23 Measured and simulated equilibrium bed levels at Q = 100 l/s. (ii – W&C formula, iii - combined 

approach). 

Table 1 and Table 2 show data about the volumes of the deposition forms. Table 1 

shows the ratio of the calculated and measured dune volumes, for each model run. A value of 

1 would indicate a perfect match to the measured volume. 

    Sediment transport model 

    van Rijn W&C Combined 

Fl
o

w
 

d
is

ch
ar

ge
, 

l/
s 

58 40.62 6.47 6.38 

72 - 2.12 1.10 

100 - 0.48 0.54 

Table 1 shows that the combined approach yields a better agreement with the measured 

data. Especially in the second model run, the rate of 1.1 means a quite reliable calculation of 

Table 1  The Vc/Vm values, where Vc is the calculated and Vm is the measured volume of the deposition form. 
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the deposition volume. However, in the first and last runs, the differences between the two 

models are not significant, but the combined approach resulted in better estimated volumes, in 

both cases. The data indicates that rather the W&C formula prevails in the combined method. 

A trend seems to be appears that the accuracy of the sediment transport calculation depends 

on the flow discharge; in the first model run the models overestimate the deposition volumes, 

while in the last run the opposite difference can be seen. Although the W&C formula does not 

include any calibrable parameter, it is possible that its accuracy depends not only on the bed 

material but also on the flow conditions. However, there is no reference to any kind of flow 

dependent applicability limit in the paper of Wilcock and Crowe [50]. 

  Sediment transport model 

Measured W&C Combined 

0.39 0.09 0.54 

 In case of the last model run, the ratio of the shifted dune and the total deposition vol-

umes were also calculated, regarding to the measurement, the W&C and the combined ap-

proach model runs. These ratio values can be seen in Table 2. The values still show consider-

able disagreement in the case of both models. However, compared the rate of the W&C to the 

rate of combined model it turns out, that the combined approach estimates much better the 

detachment of the shifting dune. This difference is the effect of the involvement of the vR 

formula. 

 

 

 
Fig. 24 Measured (circles) and calculated (ii – W&C formula, iii - combined approach) d50 distribution at Q = 

100 l/s. 

Table 2 The VSh/Vtot values, where VSh is the volume of the shifted and Vtot is the total volume of the total depo-

sition amount. 
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The d50 distribution calculated by the W&C model refers to the resuspension of the fine 

particles, which indicates the disappearance of fine materials along the downstream half of the 

flume. The agreement between the calculated (field) by W&C and measured (dots) d50 distri-

bution of the bed material suggests the applicability of the W&C model. The calculated distri-

bution not only reproduces the spatial patterns but also shows acceptable quantitative match 

(Fig. 24-ii). 

Since there is not any considerable difference between the two calculated d50 distribu-

tion fields (Fig. 24-ii and Fig. 24-iii), the d50 distribution calculated by the combined approach 

has quite the same precision, as the W&C formula. However, there is not any measured point 

between x = 1.5-3 m, where the deposition dune stopped moving forward during the com-

bined approach calculation. Fig. 24-iii indicates some coarsening (x > 1.5 m, green spots, d50 

> 0.01 m) around this place. A possible reason for this phenomenon can be the above detailed 

incorrect effect of the constant active layer. Accordingly, the lower part of the deposition is 

taken into account coarser by the numerical model than it is. Thus, a more stable deposition is 

assumed, leading to the stoppage of the dune. 

At the highest discharge, in both model variants, the deposition zone shifted towards the 

downstream direction, but no lateral displacement was simulated as occurred in the experi-

ments. Therefore, the easily erodible fine particles have not entered in the main stream. Ac-

cording to Fig. 18-B-C., the flow model can underestimate the cross-directional velocity val-

ues at the deposition zone. Thus, the eroded sediments tend to transfer to the right wall and 

settle. It can be another explanation for the underestimation of the out-washed sediment 

amount. Moreover, this can explain why the numerical models estimate larger deposition at 

the right side of the flume. This experience also draws attention to the importance of the fur-

ther development of the 3D numerical flow modeling. 

Summarizing the above [83], [84], the combined model reproduces fairly well the bed 

changes compared to the measurements, even better than the W&C formula. The significant 

difference between the results of the W&C and the combined approach appears at the lower 

section again (in the deposition zone, around x = 1.5-4 m). The combined model calculated 

higher sediment transport of the eroded sediments than the W&C formula. The local deposi-

tion at the outlet section seems to be developing, which underlines the benefit of the com-

bined model, estimating higher transport capacity for the fine fractions compared to the W&C 

model. Indeed, the low transport rate of the sand particles estimated by the W&C formula can 

be corrected by using a more suitable formula in those zones.  
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Finally, the spatial behavior of the combined sediment transport model is assessed. Fig. 

25 and Fig. 26 show the equilibrium bed levels and bed shear stress distribution calculated by 

the combined approach, at the lowermost discharge. The dotted lines refer to the d90 = 0.021 

m isolines, which bound the regions where the W&C formula is applied. The off-line areas 

show the regions where the vR model calculates the sediment transport. 

  
Fig. 25 Equilibrium bed levels and d90 = 0.021 m isolines (dotted lines) at Q = 58 l/s, resulting from the 

combined approach. 

A larger part of the deposition zone (red spot, behind the groin in Fig. 25, blue spot in Fig. 

26) was formed primarily from the finer fractions and belongs to the vR formula. Although the 

vR model estimates much higher mobility for the smaller particles, the transport capacity is 

still too low (τ ≲ 1.5 N/m
2
) to transport even the smaller grains (see Section 8.1.3). On the 

other side of the d90 = 0.021 m isoline, the bed material is coarser and the W&C formula is 

activated. In this zone, the transport capacity of the flow is higher (τ ≳ 1.5 N/m
2
), but the 

estimated higher stability of the grains leads to a resistant bed formation. Thus, the combined 

application of the two formulas with the above presented conditions (Eq. 3.4 and Eq. 3.5) 

results in the described equlibrium bed formation. The formed dune ridge of the deposition 

zone (red spot in Fig. 25) designates the places where the morphological conditions (𝜏 ∼ 1.5 

N/m
2
, d90 = 0.021 m) do not result in any substantial sediment transport according to both 

formula. 

 
 

Fig. 26 Equilibrium bed shear stress distribution and d90 = 0.021 m isolines (dotted lines) at Q = 58 l/s, resulting 

from the combined approach. 
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4 Classification of the sediment transport nature 

Many classification methods can be found in the literature regarding the morphological 

properties and processes of river sections, e.g. [25], [85]–[88]. The main goal of these is to 

predict the dominant morphological process and properties, e.g. the sediment transport nature 

(bed load, or suspended), the channel pattern type, the sediment size, erosion capacity etc., as 

the function of few, easily definable variables. 

In case of the sediment transport calculation method introduced in Chapter 3 a classifi-

cation method is required which is able to determine whether finer-, or coarser sediment 

transport is the more dominant. Accordingly, the vR or the W&C formula is activated. In case 

of the laboratory experiment (see the Appendix), the initial bed material was homogeneous. 

Therefore, the decrease of the initial d90 obviously refers to the increasing proportion of the 

finer fractions, while increasing d90 clearly implies the coarsening of the bed surface. Thus, 

based on d90 it could be determined, whether the transport of finer sand or coarser gravels 

dominated. Despite this, the d90 dependent decision method is not generalizable. 

 
Fig. 27 d90 and d50 values of the bed material samples as the function of the related local bed shear stress values, 

regarding to the field measurements of Török & Baranya ([20] and Chapter 2). The points from the gravel bars 

are indicated by black squares, the near-bank and more sandy samples (> 20% sand content) marked by orange 

triangles and finally the green circles visualize the main stream. 

Fig. 27 shows the local bed shear stress values as the function of the corresponding d90 

and d50 local grain sizes, regarding the field measurements of Török & Baranya ([20] and 

Chapter 2). The coloring and markers of the points refer to the location of the samples: Ac-

cordingly, the prevailing sediment transport nature can be estimated; the domination of the 

gravel transport is expected in the main stream, rather the erosion and deposition of sand is 
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presumable close to the banks. At the gravel bars, the trapping of coarser gravels occur s. It 

can also be seen that the different colored points cannot be separated based on a characteristic 

grain sizes; the classes cannot be defined based on either d90 or d50. Thus, in case of the intro-

duced Danube river reach, neither d90 nor d50 itself is a suitable indicator to determine the lo-

cally dominant sediment transport nature. 

Note, that the herein presented bed shear stress values belong to mean- and low dis-

charges. However, during higher flood waves the erosion capacity increases and thus the bed 

shear stresses would take higher values. Thus, despite the initially unchanged bed material, 

the coarser grain motion can become more dominant. In turn, after the flood wave, despite the 

coarser bed material, the low flow forces are not able to transport the gravels anymore. Thus 

the sediment transport of the sand fraction comes back as dominant. That is, the sediment 

transport nature can change, despite the unchanged characteristic grain size of the bed materi-

al. This assumption also highlights that the characteristic particle size itself is not able to refer 

to the current sediment transport nature generally. 

Because of this, an indicator is needed, which is able to classify the local morphological 

phenomenon within a complex river reach with mixed and spatially varied flow conditions 

and bed content. However, it is still an essential expectation of the indicator that it must be 

calculated easily, taking into account a few and simply accessible variables. 

4.1 Reynolds number dependent characterizations 

According to the definition, in general, the Reynolds number is the ratio of the interial 

forces to viscous forces. As such a ratio number, it plays a very essential role in the design 

and examination of the small-scale experiments [89]. That is, it is used in the scaling of the 

similar but different-sized flow situations. The ratio can be expressed in the simplified form as 

[90]: 

    
   

 
 

  

 
, (4.1) 

where   is the density of the fluid, u is the velocity, L is characteristic linear dimension, 

𝜇 is the dynamic viscosity of the fluid and ν is the kinematic viscosity of the fluid. 

Following the general form of the Reynolds number (   
               

         
), there are 

several different known forms of it, such as the shear Reynolds number (also known as 

boundary) – which presents the flow situation near the bed (e.g. [90]): 

     
   

 
, (4.2) 
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or the explicit particle Reynolds number: 

     
√    

 
, (4.3) 

where u* is the shear velocity and D is the grain diameter. Note, that u* = √
 

 
, where 𝜏 is 

the bed shear stress, R = ( s –  )/ ,   is the fluid and  s is the sediment density. 

4.1.1 Re* dependent investigation by Shields 

According to the shear Reynolds number definition, Re
*
 non-dimensional parameter 

shows the ratio of the momentum derived from the shear velocity to the friction force. That is, 

for the same Re
*
 values, similar flow situations are expected on the surface of different sized 

grain. Considering Eq. 4.2 it means that similar flow conditions (shear velocity – viscosity 

ratio) can occur around different sized grains. A similar interpretation can be seen according 

to the following conversion of the Eq. 4.2 (e.g. [91], [92]): 

     
   

 
 

 

   ⁄
 

              

                          
. (4.4) 

It means that the hydraulic flow regime depends on the ratio of the grain diameter to the 

viscous layer thickness. Thus, based on the above equation, three different hydraulic flow 

zones can be distinguish: smooth, if Re
*
 < 5; rough, if Re

*
 > 70; and transition if 5 < Re

*
 < 70. 

Generally, hydraulic rough conditions form in alluvial rivers [88]. 

Shields has already sketched a Re
*
 number dependent grain stability classification, 

which can be explained by the Shields diagram (Fig. 28). The curve shows the critical particle 

Froude number (𝜏 
 , critical dimensionless bed shear stress) as the function of the Re

*
. The 

summary and conclusions of his results can be read in the Appendix, Chapter 8.3. According-

ly, Shields pointed out that the stability of the grain and the inception of motion depends not 

on the grain size itself, but rather on the hydraulic flow regime around the grain, which can be 

expressed by Re
*
. 

Based on many sand experiments it was stated by Parker [88], that at higher Re
* 

(rough 

regime) the finer particles move rather as suspended than as bed load sediments. That also 

means that the bed load of the finer fractions can be expected mainly at hydraulic smoother 

regime. Accordingly, the Shields curve is not recommended to be applied for either the hy-

draulic rough regime, or for the sand fractions. Shields also mentioned that the curve is vali-

dated for hydraulic smoother (Re
*
 < 500) regime. 
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Thus, based on the above, it is stated that the sediment transport nature and the applica-

tion limits of the sediment transport related formulas are supposed to be defined rather by the 

Re
*
, instead of by the characteristic grain sizes. 

 
Fig. 28 Shields curve for initiation of motion [93]. 

4.1.2 Rep dependent Shields-Parker river sedimentation diagram 

As it was realized first by Vanoni [94] the original Shields curve is not a practical 

method, because the critical bed shear stress (𝜏c) could be estimated as the function of two 

parameters; d50 but also u* (or 𝜏). Thus, the Shields curve was modified by Brownlie [95], 

where the particle Froude number (Eq. 4.5) is the function of the Rep number instead of the 

Re
*
. The particle Froude number (or also known as dimensionless Shields stress, 𝜏*

) can be 

calculated according to the following form: 

 𝜏  
 

 (     ) 
, (4.5) 

where 𝜏*
 is the particle Froude number, 𝜏 is the bed shear stress, g is the gravity accel-

eration,  s is the sediment density,  w is the water density and D is the grain diameter. 

The modification by Brownlie yields the result that 𝜏c can be estimated as the function 

of only d50 (Eq. 4.4.) [19]. The Shields-Parker river sedimentation diagram was elaborated 

based on this modification (see Fig. 29). The Figure indicates the particle Froude number (Eq. 

4.5) regarding to the mean grain size (D50) as the function of Rep. Parker stated [19], that allu-

vial rivers usually can be divided into two types as the function of Rep: sand bed and gravel 

bed rivers. The two types can be separated easily, because the streams usually have d50 values 

in the two ranges of 0.1 mm < d50 < 1 mm – sand bed streams –, or 15 mm up to 200 mm – 
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gravel bed rivers, with low deviation. Thus, the river reaches can be simply classified in the 

above two types, based on d50, or based on the explicit particle Reynolds number (Rep, Eq. 

4.4.), which can be considered as the dimensionless substitution of the grain size. According-

ly, the dividing line is also indicated in Fig. 29, which can be defined exactly, as the Rep de-

pends only on d50 (the borderline can be calculated according to Eq. 4.4, where d = 0.002 m; 

Rep = 460). There are six sets of field measurement data [96] from gravel- and sand bed rivers 

plotted in the Figure. The detachment between the two types is obvious. 

 
Fig. 29 Shields-Parker river sedimentation diagram [88]. 

The diagram shows three curves, which help to find out if there is sediment motion or 

not, and if sediment motion is expected then whether the prevailing sediment motion is sus-

pended load or bed load. The dotted line shows what kind of bed forms are expected [88]. The 

border line between the sand and gravel bed streams is also indicated, which, based on the 

above mentioned Rep, helps to indicate if the given river reach is a sand-bed, or gravel-bed 

stream. The diagram can be used for river reaches, where the sloping method for the bed shear 

stress calculation is valid (𝜏b =  gHS, where 𝜏b is the bed shear stress, H is the water depth 

and S is the water surface slope). So, it gives a comprehensive bed-material and sediment 

transport nature overview for a particular river reach, with uniform bed content. However, as 

the Rep is the dimensionless substitution of the grain size, this method means actually a grain 

size based classification method for near uniform bed materials. (if d > 0.015 m or equivalent-

ly Rep > 7300  gravel bed; while if d < 0.001 m or equivalently Rep < 127  sand bed). The 
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method can be used only for river sections, not for classification of local morphological phe-

nomenon within a complex river reach with mixed and spatially varied bed content [88].  

Although it is not very common [88], there are river reaches where the bed material is 

still spatially uniform, but d50 varies between 1 and 15 mm [97]–[99]. Yamamoto pointed out, 

that in this grain range, the bigger the grain size (or the Rep), the lower the particle Froude 

number (𝜏*
). Thus, these points make contact between the points of the clear gravel- (filled 

markers, Fig. 29) and sand-bed stream (empty markers, Fig. 29). However, even at these 

points, the Shields-Parker diagram merely determines the d50 (that is the equivalent Rep) be-

longing to river sections with near uniform bed material. 

In fact, there are unique river sections, where the d50 of non-uniform bed materials and 

the bed shear stress are quite varied in space, which results in a varied spatial sediment 

transport nature. An example for this kind of section is the above examined Hungarian Dan-

ube reach (Chapter 2, see Fig. 8 and Fig. 10). Upstream, at the lower Austrian Danube, (~rkm 

1885, 90 km upstream), the Danube flows through a gravel bed, where d50 is ~21 mm with 

low deviation, without any remarkable sand content [46]. In turn, as Fig. 30 shows, at the 

lower Hungarian section, the river has a typical sand bed with d50 < 0.05 mm (< rkm 1500, 

~200 km downstream) [42]. However, between the mentioned sections (< rkm 1885 and > 

rkm 1500), the sediment fractions vary in a wide range, which is a unique feature of the upper 

Hungarian Danube (between rkm ~1600 and rkm ~1800). 

 
Fig. 30 The blue markers indicate the d50 values of the bed bed material samples taken from the main stream 

along the Hungarian Danube [100]. The averaged d50 value and the deviation regarding an Austrian river reach 

[46] is indicated by green symbols. The vertical red line shows the locality of the investigated reach (Chapter 2). 

These kinds of sections cannot be characterized by one river-bed content type and sedi-

ment transport nature, as the Rep based Shields-Parker diagram suggests. In such cases, the 

local morphological features must be separately determined. Therefore, the Rep based Shields-
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Parker diagram is not applicable for the determination of local bed content and sediment 

transport nature, at such kind of river sections. 

4.2 Shear Reynolds number based classification method 

Examining the investigation of Shields it can be stated that the shear Reynolds number 

(Re
*
) is a more suitable parameter for investigation of the local sediment stability, than the 

d50, d90 or the explicit particle Reynolds number (Rep). Moreover it was suggested that the Re
*
 

is a proper parameter for the definition of the application range of the sediment related formu-

las. Accordingly, the Shields curve is recommended to be used under hydraulic smooth and 

less rough range (Re
*
 < 500). It was also determined that the bed load of fine sediment can be 

expected mainly in the same range (Re
*
 < 500), but not in the rough regime. 

4.2.1 Hypothesis of the classification for sediment transport nature  

 Starting from the above statements, this study assumed that the shear Reynolds number 

is able to refer to the local sediment transport nature in case of non-uniform bed materials 

even within a morphologically varied river section. The hypothesis says that the multiplica-

tion of the bed shear stress related bed shear velocity and the d50 (Eq. 4.2) describes quite 

properly the prevalent sediment transport nature. 

The hypothesis is supported by the findings in Fig. 31; the density function of the bed 

material sample nr. 5 can be seen in Fig. 10. The critical bed shear stress calculated by the 

Shields curve is depicted as well as the function of the grain size by the gray line. The d50 of 

the sand-gravel mixture is 7.3 mm and d90 is 21.2 mm, which would indicate only gravel 

transport. In turn, the following statements show that the sediment transport nature, belonging 

to the same bed material mixture, can be sand but gravel transport also, depending on the cur-

rent bed shear stress value. 

If the flow erosion capacity (𝜏) is in the lower range (e.g. < 2 N/m
2
), hydraulic smooth 

regime evolves and only the sand particles (< 2 mm) movement happen (Fig. 31, orange rec-

tangle). In turn, increasing bed shear stress results in hydraulic rough regime, which causes 

the motion of even coarser gravel particles. In such cases mixed and even more gravel bed 

load transport dominates, because the finer sediments are expected to transport as suspended 

load in hydraulic rough regime (Fig. 31, blue rectangle). The Figure suggests that the Re
*
 = 

350 (dotted red line) separates well the cases when the sand (left side from the dotted line) or 

rather the gravel transport is supposed to be dominant (right side from the dotted line).  
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Fig. 31 The density function of the bed material sample nr. 5 in Fig. 10 is illustrated by the green curve. The 

Shields curve related critical bed shear stress values are depicted by the blach line. 

Examining the right part of Fig. 27 the hypothesis becomes further confirmed. It can be 

seen, that at lower bed shear stress values and finer bed material, mostly sand transport hap-

pen. In turn, the domination of the gravels occurs at higher bed shear stress. It also emerges 

that in transitional cases, when the bed shear appears is still able to transport the sand frac-

tions, but not the gravels, gravel bar formation happen. Fig. 27 also indicates that gravel bar 

occurs around Re
*
 = 350. 

As it was already mentioned, the W&C model was elaborated based on the laboratory 

experiments of P. Wilcock, S. T. Kenworthy and J. C. Crowe [58]. The measurements were 

done with coarse bed material that bed armor could develop: the five initial mixtures included 

6, 15, 21, 27 and 34% sand, respectively. The gravel ranged in size from 2.0 to 64 mm, while 

the sand in size ranged from 0.5 to 2.0 mm. Fig. 32 shows the rate of the gravel load to the 

sand load as the function of the Re
*
. The coloring of the points refers to the sand content of 

the initial mixture. Within any mixtures the higher the bed shear stress (and that is the Re
*
), 

the coarser the bed load. This behavior shows that the sediment transport nature is not obvious 

in a sand/gravel bed stream. At lower bed shear stress only the finer part of the bed material is 

being transported, but at higher shear stress gravel load dominates. This phenomenon cannot 

be realized in Fig. 34, where the gravel/sand rate is visualized as the function of the explicit 

particle Reynolds number. That is, neither the Rep nor any characteristic grain size is a reliable 

indicator parameter to detect the varying sediment transport nature in mixed bed materials. 

This supports the observation of Parker [19], that the Shields-Parker diagram shows the sedi-
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ment transport nature in case of uniform bed material. It is also visible that the gravel load is 

equal to the sand load when the Re
* 

is between 300 and 400, around 350 (Fig. 32). 

So, based on the laboratory experiments of P. Wilcock, S. T. Kenworthy and J. C. 

Crowe [58] it turns out that Re
* 

≈ 350 seems a critical value; above this the gravel transport is 

dominant, which can lead to bed armoring. In turn, below 350 the sand transport prevails, 

which underlines the earlier assumption that the fine sediment transport happens and domi-

nates in the hydraulic smoother range. There may be cases when the initial bed material is 

mixed, but the sediment transport nature is more like sand bed load transport. In such cases, 

the vR formula is a more reliable model for the calculation the bed load transport, than the 

W&C formula. However, the characteristic grain size of the bed material (d50 or d90) would 

suggest the use of the W&C model. 

Fig. 33 indicates the particle Froude numbers as the function of the Re
*
 related to the 

experiments, including the Shields curve by the black line. As it was already demonstrated by 

Fig. 32, the sand transport became dominant below Re
*
 ≈ 350, which occurs mainly at mix-

tures with higher sand content (orange circles, 34% sand content). Based on Fig. 33 this find-

ing is further strengthened, below Re
*
 ≈ 350, the particle Froude number decreases rapidly 

which – according to Jaeggi, [101] – indicates the less armored bed surface and the more 

dominant fine sediment supply. 

Originally, the application range for the vR bed load formula is described by the grain 

diameter [52]. That is the formula is recommended to be used for sand, d < 2 mm. However, 

as Parker pointed out [88], at higher hydraulic rough regime the fine sand sediments start to 

suspend. That is to say, in that hydraulic condition the vR bed load formula is not suitable.  

In case of the measurements for which the vR model was calibrated (data of Fernandez 

Luque, and Francis, [54], [102] ), the bed shear stress varies from 0 up to 0.8 N/m
2
, where the 

average bed shear stress was 0.61N/m
2
, while the grain diameters were between 0.9 and 1.8 

mm. It is also mentioned in the paper of van Rijn [52], that for validation purpose only data 

with particle diameter less than 1.5 mm and u*/ws < 1 (where ws is the fall-velocity, which is 

the function of the grain size) were selected, which means that the bed shear velocity was 

lower than 0,28 m/s for the coarsest particle. Based on these it turns out that the Re
*
 was be-

low ~100 at the calibration and ~400 at the validation measurements. 

It is also mentioned in the paper that the vR model is valid only for lower Re
*
 (but it is 

not numerically defined in the paper). Moreover, the paper refers to measurements of Fernan-

dez Luque regarding to the calibration where the Re
*
 happen around 70. These statements 

underline that the fine bed load sediment transport happens, mainly at lower (< 400) Re
*
. The 
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results suggest, that the vR bed load formula is useable for hydraulic smoother range, Re
*
 < 

400. It is known, that the vR formula calculates the critical bed shear stress based on the 

Shields curve [52]. As it was mentioned above, the Shields curve is validated for hydraulic 

smoother (Re
*
 < 500) regime, which essentially matches the applicable range of the vR bed 

load formula. 

Based on the above the following suggestions are stated: 

 The Re
*
 parameter is a more suitable parameter for the characterization of the sediment 

transport nature and for the definition of the applicability limits of the mentioned sedi-

ment transport formulas than a characteristic grain size (d90 or d50), or the Rep, in case of 

mixed bed content. 

 Re
*
 around 300-400 is a critical phase; below this sand, above rather the gravel bed load 

transport dominates. Between 300 and 400, gravel bar formation is expected. 

4.2.2 Validation of the classification method 

As in the Shields diagram, the particle Froude number (𝜏*) as the function of the shear 

Reynolds numbers (Re
*
) can be seen in Fig. 35, where the laboratory measurement results of 

Török et al. [31] are plotted. It is important to emphasize that the 𝜏* and Re
*
 values were cal-

culated based on local d50 and bed shear stress values (see Chapter 8.1.2). The notation of the 

point refers to the sediment transport nature at a given place. 

The Figure shows that the points cover a wide range. It can be seen that the above stated 

finding regarding the Re
*
 can be detected here again; above Re

*
 ≈ 400 the gravel transport and 

the coarsening processes are dominant, while below 300 rather the sand transport i.e. sand 

deposition prevails. Around Re
*
 ≈ 300-400, the points of the rest of the flume appear, where 

neither the aggradation of the sand nor the coarsening process can be observed. Thus, the 

points around Re
*
 ≈ 300-400 seem to indicate transitional transport nature. 

Fig. 36 indicates the corresponding particle Froude- and shear Reynolds number pairs 

too, regarding the field measurements at the above examined upper Hungarian Danube reach 

([20] and Chapter 2). Similarly to the above, a relationship between the shear Reynolds num-

ber and the sediment transport nature is visible. Here again, the Re
*
 ≈ 300-400 section seems 

to be a critical value, which indicates if the coarser gravels or the finer sands are dominant in 

the bed content. In Fig. 27, the Re
*
 = 350 values are plotted by the dotted blue line. The dotted 

line separates well the circles from the triangles, while the squares are located along the dot-

ted line. This also underlines the suggested separation meaning of Re
*
 ≈ 350 value. 
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Fig. 32 Calculated rates of the gravel load to the sand load as the function of the 

shear Reynolds number, based on the laboratory experiments of Wilcock et al. 

[58]. 

 
Fig. 33 Particle Froude number as the function of the shear Reynolds number, 

based on the laboratory experiments of Wilcock et al. [58]. 

 
Fig. 34 Calculated rates of the gravel load to the sand load as the function of the 

explicit particle Reynolds number, based on the laboratory experiments of 

Wilcock et al. [58]. 

 
Fig. 35 Particle Froude number as the function of the shear Reynolds number, 

based on the laboratory experiments of Török et al. [31]. 
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Fig. 36 Particle Froude number as the function of the shear Reynolds number, 

based on the field measurements of Török & Baranya ([20] and Chapter 2). 

 
Fig. 37 Particle Froude number as the function of the shear Reynolds number, 

based on the field measurements [103]. 

 
Fig. 38 Particle Froude number as the function of the shear Reynolds number, 

based on the field measurements, citied in Mueller et al. [104]. 

 
Fig. 39 The bed shear stress as the function of the d50 grain size, points from Fig. 

35 - Fig. 37. 
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Fig. 40 Particle Froude number as the function of the grain Reynolds number, 

points from Fig. 35 - Fig. 37. 

 
Fig. 41 Particle Froude number as the function of the explicit particle Reynolds 

number, points from Fig. 35 - Fig. 37. 

 
Fig. 42 The probability density functions of the Re* values from Fig. 35 - Fig. 37, 

assuming log-normal distribution, calculated for the main channel (red), gravel bar 

(blue) and near-bank points (green), separately. 

 
Fig. 43 The probability density functions of the Rep values from Fig. 35 - Fig. 37, 

assuming log-normal distribution, calculated for the main channel (red), gravel bar 

(blue) and near-bank points (green), separately.
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In 2012, comprehensive flow and morphological field measurements were carried out in 

River Danube in Hungary, between rkm 1715 and rkm 1717, at mean flow discharge [103]. 

The d50 grain sizes vary between 0.3-65 mm [103], like in the measurements introduced in 

[20] and in Chapter 2. The measurement data were also processed to investigate the surmised 

relation between the Re
*
 and the dominant transport nature. The corresponding particle 

Froude - and shear Reynolds number value pairs are plotted in Fig. 37. It can be seen that the 

scale of the shear Reynolds number is extended up to 5500, contrary to the previous field 

measurement (Fig. 36) where it reaches only 2000. This is the result of the coarser grain sizes 

(30 < d50 < 65 mm) in Fig. 37. As it was pointed out in Baranya et al. [103], the main channel 

is armored here, thus probably a quite stable and resistant bed surface is developed. There are, 

however, several sections at which the deposition of the finer fractions (d50 < 0.4 mm) can be 

observed and the bed shear stress can be characterized by values below 2 N/m
2
. At these 

points (green triangles in Fig. 37), the Re
*
 are consequently smaller and do not reach the 350 

value. There are three points from close to the bank (blue diamonds), where both the bed 

shear stress (1.4-4.4 N/m
2
) and d50 (9.4-13.7 mm) values take intermediate values. This is 

represented well by the Re
*
, which develops between 350 and 900. This also indicates that the 

Re
*
 implies the local sediment transport nature. Moreover, the boundary between the fine and 

coarser sediment movement is around Re
*
 ≈ 300-400. 

As a final investigation regarding to the relationship between the Re
*
 and the sediment 

transport nature, the measurements published in Mueller et al. [104] is described in Fig. 38. In 

that paper, 45 coupled field measurements of flow and bed load were presented, regarding 

bank-full discharges. The median surface grain sizes of the gravel-bed streams and rivers vary 

between 0.027 and 0.21 m, which indicates quite coarse bed material and armored bed sur-

face. Accordingly, the calculated Re
*
 are higher in magnitude than the Re

* 
in the previous 

measurements. Based on this, it is not surprising that all Re
*
 exceed 350. The particle Froude 

numbers happen above 0.01 and most of them are higher than 0.05. According to the Jaggi 

classification [87] this means that bed armoring is expected which is consistent with the bed 

expectation based on the bed material (0.022 m < d50 < 0.021 m). 

Fig. 40 shows all the points of our own laboratory and field measurements, regarding 

mixed grain sizes. Concluding the above there are two essential statements, as to the Re
*
: i, 

there is a relationship between the Re
* 

and the local sediment transport nature: the higher the 

Re
*
 number the more dominant the coarser grains in the local sediment transport nature. In 

turn, the lower the Re
*
 the more prevailing process is the sand motion. And ii, a conjecture is 

stated which says that the Re
*
 ≈ 300-400 is an indicator for the identification whether the 
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gravel (coarsening, scouring and bed armoring) or rather the sand (aggradation, erosion) par-

ticles dominated processes happen, in case of non-uniform bed material typical for upper 

Hungarian Danube reach ([20] and Chapter 2). 

These findings are supported by Fig. 42 and Fig. 43, which show log-normal distribu-

tions of the Re
*
 and Rep values, separately in the three groups. The log-normal distribution 

was chosen, because asymmetric distributions were expected (based on the scatters of the 

points), where Re numbers cannot take negative values [105], [106]. 

In Fig. 42 it can be seen, that the log-normal deviations of the Re
*
 values for the three 

groups are barely overlapping. At the same time, the distributions have no gaps, that is, all Re
*
 

values can be grouped. The above described supposed critical Re
*
 values (300 and 400) sepa-

rate clearly the groups. By the integration of the log-normal distribution curves for the given 

ranges it can be calculate that 5% of the near-bank points (green curve) are in Re
*
 > 300 

range, 60% of the gravel bar points take Re
*
 between 300 and 400 (blue curve), while only 

3% of the points from the main channel are expected below 400 (Fig. 43). Fig. 43 shows the 

grouped log-normal deviations of the Rep., where the border line from the Parker-Shields dia-

gram (Fig. 29) is also indicated. It can be seen, that below the critical value (d = 0.002 m; Rep 

= 460), only the fine sediment transport nature can be expected. However, according to the 

log-normal distribution, 85% of the near-bank points are over 460. Thus, the Rep = 460 indi-

cates well that below this value mainly finer sediment transport is expected. In turn, the sedi-

ment transport nature cannot be determined obviously above this border. 95% of the near-

bank points indicate values below Rep = 7000. However, 88% of the gravel bar points and 

57% of the main channel points can also be expected below 7000. The log-normal distribu-

tions show that more than 95% of both the gravel bar and main channel points would take Rep 

above 2000, but 25% of the near-bank points also fall within this range. Thus, the log-normal 

distributions of the grouped Rep values represent that there are not any reliable critical values 

which would be able to separate the points of the three groups.   
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5 Improvement and application for morphological in-

vestigation of the combined sediment transport 

method  

The conclusion of the field measurements dependent morphological investigation of the 

Danube river reach between rkm 1795 and rkm 1800 answered many questions. However, 

there were still some unanswered problems which justify the application of the numerical in-

vestigation. An essential issue, whether the bed level incision is still in progress, was already 

examined based on field measurements. However, there are still questions, which are ex-

pected to be answered by an appropriate numerical model setup: (1) is the morphological 

change of the Vének upper and lower gravel bars expected? and (2) what kind of bed changes 

can be expected locally, e.g. local scouring, or sedimentation? On the other hand, the intro-

duced, combined sediment transport modeling method was validated for a laboratory test 

case. In this chapter, the improvement of the method will be introduced and used for morpho-

logical investigation purpose as well as the validation for real case study reach. By the com-

parison of the model results with the measured bed changes the benefits of the novel method 

can be proved. Also, the criterion of the method is further investigated in order to develop a 

more generally useable decision procedure. 

The riverbed topography including river channel of the mean-flow regime from 2012 

and 2014 was available, measured by the North-Transdanubian Water Directorate. Thus, the 

calculated bed change map could be prepared for this 2 year long period, which includes the 

historical flood wave of 2013 (100-year flood event, [40]). For the purpose of emphasizing 

the benefits of the novel sediment transport modeling method, the calculated bed changes 

between 2012 and 2014 were used as benchmarks (Fig. 49). 

The numerical simulation of a 2 year, 722 day long period demands very large computa-

tional capacity. According to the preliminary estimation calculations, the simulation of one 

model variant for such a long time period would take around half a year. Therefore, to reduce 

the duration of the simulation, only the periods which excess the bed-forming flow discharge 

(Q > 2100 m
3
/s) were modeled. In this range, 66% of the annual bed load amount passes (Fig. 

13). Therefore, the major bed changes are expected during these periods. Accordingly, the bed 

changes caused by eight flood waves were calculated, which means a total of 211 days (Fig. 

44). In turn, it is emphasized that the ignored 34% of the annual bed load yield is significant. 
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That is, the numerical model neglects the simulation of bed changes which take place during 

the lower water regime, so the results cannot be compared directly to the measured changes. 

 
Fig. 44 Discharge time series at rkm 1801 for the period 2012 October – 2014 October. 

5.1 Model setup 

The applied 3D flow model is the same as the one introduced in Chapter 3.2.1 and more 

in detail in the Appendix, in Chapter 8.2. The model solves the 3D Reynolds Averaged Navier 

Stokes (RANS) equations, in which the eddy viscosity is calculated according to the k-ε tur-

bulence closure [15], using a finite-volume method and the SIMPLE algorithm [72]. The 

equations are solved on a 3D, non-orthogonal, unstructured grid. The computational grid 

points in the horizontal directions are predefined. But according to the current water level, the 

grids can become dry, or flooded. However, in case of unsteady model run, the flow model 

involves only the wet cells, thus the grid should be considered as unstructured. Thus, the 

floodplain area could be implemented in the model. At the boundaries, where the fluid flow 

cannot be considered as a free turbulence zone, the wall law is applied for the velocity profile 

calculation [45]. The operation principle of the model is introduced in Chapter 8.2. 

In order to eliminate the boundary effect, the computational grid was longer in both up-

stream (rkm 1801) and downstream (rkm 1793.5) direction than the investigated rkm 1795-

rkm 1800 river reach. The applied grid can be seen in Fig. 45, which includes the floodplain 

area also. So if the flow discharge exceeds the bankfull discharge, the model is able to take 

into consideration the inundation of the floodplain area. The study site was discretized with 

355 cells in the streamwise direction and 150 cells in the lateral direction, respectively, result-

ing in the streamwise direction in an average resolution of 18 m and transversely 5 m in the 

main channel, while 13 m in the floodplain area. Vertically 11 layers were defined. The grid 

lines were edited to fit the edges of the relief, e.g. to the dikes, to the bank contour, etc. Local 

grid refinement was applied in the vicinity of sudden bed level changes, e.g. at the groins, or 

at the ripraps to capture the locally high gradients of the flow and sediment transport features. 
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The bed levels were then given for each grid point by the interpolation of the geometry pro-

vided by the North-Transdanubian Water Directorate.  

The bed material was discretized by five fractions, which are: d1 = 0.3125 mm, d2 = 

1.25 mm, d3 = 5.7 mm, d4 = 16.2 mm and d5 = 56.57 mm. The ripraps and groins were charac-

terized by d = 300 mm. 

As it was already introduced in Chapter 3.2.2, the active layer thickness is a hardly de-

terminable parameter. Unfortunately, there was not available any measured data regarding to 

the thickness of the river bed stratification. Therefore, it could not be set based on measured 

real values. However, it can be supposed that the depositions e.g. at gravel bars or in the groin 

fields are in decimal centimeter order of magnitude. The thickness of the bed material samples 

were ~20-30 cm. The samples taken from the armored points of the channel included uniform 

coarse gravel, that is to say the active layer thickness is at least 20-30 cm. In 2002, freeze-

sampling technique was applied to determine the bed materials in a few points of the investi-

gated river reach [38]. The experiences suggested that the upper layer thickness is around a 

few decimeters. Considering these experiences, the active layer thickness in the numerical 

model was set to 0.5 m, uniformly. 

The model was parameterized based on the field measurements introduced in Chapter 2. 

 
Fig. 45 The grid of the modeled Danube reach. 

Spatial distribution of the bed material 

Usually, the natural streams can be divided easily into sand-, or gravel-bed type 

streams, because the mixed sized bed streams with d50 around 2-16 mm are relatively rare 

[19]. Therefore, the most common method for the spatial distribution definition of the bed 
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material is that a spatially uniform bed material composition is assumed (e.g. [59], [107]). 

However, the complex morphodynamic processes result in a spatially varying distribution of 

the bed material. Therefore, in such cases the determination of the spatial distribution of the 

bed material is not straightforward. As it was presented in Chapter 2.2, bed material samples 

were taken from the investigated Danube reach in 2013 and in 2017. Besides the quite high 

number of the samples (13 pieces in 2013 and 20 pieces in 2017), the determination of the 

spatial distribution of the bed material content was still challenging. However, there are some 

studies where the bed material did not allow the characterization by one grain size distribu-

tion, but, the spatial allocation could be distinguished into some classes. Then, the spatial dis-

tribution of the bed content was defined by a few distributions (e.g. [108], or study cases for 

the Hungarian Danube: [42], [109]–[112]). Based on these studies, a categorization based on 

the typical morphological features was applied in this study, such as: gravel bar, sand deposi-

tion and near-bank places, and the main channel. The main channel was further divided into 

two types: i) based on the samples taken from the river reach between rkm 1796 and rkm 

1798 and ii) upstream and downstream of this section. As a reminder, based on the field 

measurements it turned out (Chapter 2.2) that the sediment transport capacity decreases at 

river section between rkm 1796 and rkm 1798, which finally results in a less armored and less 

coarse bed surface. Based on these classifications, a relation between the d50 and bed levels 

was fitted to the points in Fig. 46. 

However, as the fitted black lines in Fig. 46 indicate, there is no transition between the 

groups around 105 m ASL, but a sudden shift can be observed. This would result in unrealis-

tic sudden changes in the spatial bed change map. In order to avoid this failure, the idea pre-

sented in e.g. [113], [114] was considered, that is, in especially complex bed geometry a rela-

tion between the calculated local bed shear stress value by 3D flow model at the mean-water 

level and the local d50 can be stated. Accordingly, based on the fitted function, a transitional 

and continuous d50 map can be estimated based on the calculated bed shear stress distribution. 

However, examining Fig. 47 it turns out that besides a clear growing trend (the higher the bed 

shear stress the coarser the bed surface), a quite weak relation can be stated, where the devia-

tion is 6.0 mm. Therefore, taking care of the accuracy and also the transitional nature of the 

grain size spatial distribution, the mixing of the above presented methods was used in this 

study. That is, the d50 map was determined by both methods and finally, their equal weight 

average provided the initial d50 distribution for the 3D model. Thus, finally deviation is 3.2 

mm. Besides the quite high number of bed material samples, the bed material specification 

still has some not negligible uncertainties. This is mainly because of the quite wide range of 



Improvement and application for morphological investigation of the combined sediment 

transport method  68 

 

d50, caused by the complex morphology. Also note, that there were no samples taken in 2012, 

thus the bed geometry and the bed material samples are not concurrent data. Without any bet-

ter solution, the bed material data from 2013 and 2017 were used. Considering this, the esti-

mated spatial bed material distribution certainly has some inaccuracy. The experiences point 

out one of the known shortcomings of the morphological model setup, that the spatial bed 

material exploration is still not a solved, but calls for urgent further research. 

As the above presented method includes the unique dependence on the bed level (Fig. 

46) it is obviously not a generally applicable relationship. 

 
Fig. 46 Relationships between the bed levels and bed material. 

 
Fig. 47 Local d50 grain sizes as the function of the local bed shear stress values calculated by 3D flow model. 

As to the floodplain bed material, there were no any samples from there. Presumably, 

the bed material is coarse sand/fine gravel mixture, thus the d50 was supposed to be 5 mm in 

the floodplain. Due to the lack of field data, the spatial distribution of the d50 was assumed 

uniform. 

Vegetation 

When the floodplain is covered by water, the roughening effect of the vegetation on the 

flow is not negligible. For instance, the roughness of the floodplain can influence significantly 
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the water flow capacity of the floodplain. Therefore, expecting a reliable flow pattern from 

the numerical 3D model, this phenomenon was taken into account by the vegetation module 

in the applied flow model. The hydraulic resistance impact of the vegetation described as an 

energy loss term in the Navier-Stokes equations [115], can be specified for each cell. For this 

purpose, the Google Maps was used to demarcate the forests, the bushy areas and the grassy 

pastures. 

Boundary conditions 

As to the boundary conditions for the RANS equations, at the inflow boundaries the wa-

ter discharge, at the outflow boundary the water level was set (Fig. 45). The discharge time 

series of the Danube was defined based on the measured discharge time series at rkm 1801, 

while the water level series at the outlet was given according to the belonging water level se-

ries. The flow discharge of the Mosoni-Danube is not registered daily, thus, there was no reli-

able discharge time series available for it. The results of a 1D numerical Danube model were 

therefore used to determine the discharge time series of the Mosoni-Danube. In that study, the 

peaking water levels of the historical flood wave in 2013 were investigated by a calibrated 

and validated 1D flow model [116]. Based on this simulation, the flow series of the Mosoni-

Danube during the 2013 flood wave could be defined. Besides, a steady inflow of 40 m
3
/s was 

set, which is the mean discharge of the Mosoni-Danube. 

Beyond the flow model, for reliable sediment transport modeling the set of the inflow 

sediment features is also important. As to the inflow bed load, the relationship between the 

flow and bed load discharge was used, which was already introduced in Chapter 2.4. The 

study of the suspended sediment transport on the upper Hungarian reach was presented in 

2016 by Ficsor [117]. The suspended sediment samples of the past 30 years taken from the 

Vámosszabadi section (~rkm 1806) were investigated. The study established the relation be-

tween the rate of the suspended sediment transport and the flow discharge. This relation was 

used for determining the inflow suspended sediment discharge. Thus, both the bed load and 

suspended inflow sediment discharge time series were defined as the function of the flow dis-

charge time series. 

5.2 3D flow model validation 

The herein applied 3D CFD model was already adapted and validated for the investigat-

ed Hungarian reach of River Danube, which were published in previous research works, e.g. 

[59], [109], [118], [119]. Those studies have already demonstrated the reliable application of 

the 3D flow model. Thus, the model is considered validated for the investigated Danube 
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reach, however, only for mean water discharge and lower flood waves. In turn, a pivotal point 

of this study is the effect of the higher flood waves. Therefore, the model validation for the 

peak of the historical flood wave is presented here. The cross-sectional ADCP flow measure-

ments carried out by the North-Transdanubian Water Directorate regarding the peak level of 

the flood wave were used as benchmark flow values. Fig. 48 shows the measured (left) and 

the calculated (right) cross-sectional velocity distributions. Note, that the measured velocity 

values are instantaneous velocities, where the effect of the turbulence is reflected. This phe-

nomenon causes the scattering in the coloring (Fig. 48, left). In contrast, the applied flow 

model calculated the turbulence effect by the Reynolds-averaging approach, which actually 

means the estimation of the time-averaged effect of the turbulence [15], [71]. This results in a 

less scattered, more continual coloring in the calculated velocity profiles (Fig. 48, right).  

By comparing the measured and calculated cross-sections, the following statements can 

be stated. The velocity values are in the same range (0-3 m/s). The measured distributions 

show that the main stream follows the deeper part of the cross sections. Thus, the highest ve-

locities occur at the right side of the cross-section in the inlet section (yellow and red spot in 

the I. cross section, Fig. 48, left). Thereafter, the main stream shifts to the left bank side, 

which is outlined in the next six cross-sections. This kind of behavior is reproduced well also 

by the numerical model (Fig. 48, right). In the first cross-section, there are two separated or-

ange spots in the calculated Figure, while there is only one at the right side in the measured 

case. Upstream of the I. cross section an estuary of a sidearm can be seen at the left bank (Fig. 

48, inlet section). Probably, the flow model overestimates the inflow discharge of the sidearm, 

which results in the higher velocity values. This failure is then eliminated; the coloring in 

cross-section II. is very similar both in range and distribution type. Such accordance can be 

seen in cross-section III. and IV. too. In cross-section V., the model calculates a narrower 

main stream, than in the real case. Here, the red spot is not as wide in the right Figure as in the 

left Figure. For this reason the velocity values are a bit higher, which is indicated by the dark-

er red spot in the calculated Figure. This section of the river reach is the downstream of the 

groin field on the right bank and includes the mouth of the Vének side arm (Fig. 4). There-

fore, the flow pattern becomes more complex, which can cause a less accurate, but still relia-

ble numerical description of the flow field. Again, in the last two cross-sections (VI. and 

VII.), both the velocity ranges and also the cross-sectional velocity distributions are very simi-

lar. It should be noted that the numerical model calculates very low velocities at the right side, 

above the Vének lower bar (right Figure, VII. cross-section, blue spot) as well as in the real 

case (left Figure, VII. cross-section, blue spot). 
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Fig. 48 Measured and calculated horizontal velocity distribution in four cross-section regarding to the peak of the historical flood wave in 2013. 
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The match between the cross-sectional distributions of the coherent measured-

calculated colorings is satisfactorily appropriate, which underlines the reliability of the 3D 

flow model at high flow regimes. According to the above presented match and the validations 

in previous studies [59], [109], [118], [119], the applied numerical flow model is considered 

to be validated for higher flood waves too, thus it is believed applicable for sediment transport 

modeling purpose. 

5.3 Adaptation of the novel sediment transport modeling 

method 

The combined sediment transport modeling method has already been introduced in 

Chapter 3.1. The main concept is that the combining of the W&C and vR bed load transport 

models can result in more accurate bed changes; scouring and bed armoring process should be 

calculated by the W&C model while a more suitable estimation is expected from the van Rijn 

formula in case of the transport and aggradation of finer particles. However, the question is 

what kind of generally useable criterion should be introduced, which is able to decide which 

formula to use. As it was introduced in Chapter 4, the shear Reynolds number was found a 

suitable indicator of the sediment transport nature. Moreover, the conjecture was stated that 

the Re
*
 ≈ 350 is a critical value; below this the fine sediment transport and above the gravel 

motion is dominant. However, as Fig. 40 shows, Re
*
 ≈ 350 is not a strict limit, but rather an 

indicator. The range between 300 and 400 is therefore considered a transition range. Accord-

ingly, as an improvement of the novel combined sediment transport modeling method, the 

following, more generally applicable criterion is stated to be used which sediment transport 

formula to use: 
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Both the initial d90 dependent (e.g. 3.5, e.g. 3.6) and improved Re
*
 dependent (Eq. 5.1, 

Eq. 5.2) form of the novel combined sediment transport modeling method were applied in the 

following examinations. In both cases, the formulas were complemented by the suspended 
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sediment formula by van Rijn [120]. Thus, the bed load is calculated according to Eq. 5.1 and 

5.2, while the suspended load is estimated by the van Rijn equation in each grid point. 

5.4 Model results 

In this Chapter, the model results are presented. The main aim of the followings is to 

highlight the benefits of the novel sediment transport modeling method, by its comparison to 

the van Rijn and Wilcock and Crowe formulas and measured bed change map (Fig. 49) as 

benchmark. It is noted that there were insufficient quantity of data regarding the floodplain 

area. That is, the parameterization of that part of the numerical model (e.g. initial bed materi-

al, vegetation, and sediment related conditions) was flexible. And more importantly, there 

were no data regarding bed elevation changes in this area. Therefore, due to the lack of vali-

dation data in the floodplain area, the analysis of the morphodynamic simulations focuses on 

the main channel. The comparison of the measured and calculated bed changes in the main 

channel also considers the uncertainty of the initial bed material. 

The map of bed level changes used for model validation purposes (Fig. 49) was elabo-

rated by the difference of two instantaneous bed level maps. In turn, the bed material sam-

plings were not performed simultaneously with the riverbed topography measurements. Be-

cause of this, the setup of the bed material was elaborated based on bed material investiga-

tions from 2013 and 2017. However, it cannot be excluded that major bed material alteration 

occurred between 2012 and 2013, and especially between 2012 and 2017. Therefore, because 

of the lack of the information on the initial bed material, the bed content parameterization of 

the model can hide not negligible failures. Thus, some of the differences between the meas-

ured and calculated bed changes might be the result not of the inaccuracy of the sediment 

transport model, but rather of the inaccurate setup of the initial bed material. 

The main goal was to improve the bed change calculation accuracy by the novel meth-

od. Four regions in the river reach (Fig. 49) were highlighted by grey rectangles and an el-

lipse, marked by A, B, C and D. At region A, the blue spot refers to a pronounced bed level 

deepening downstream of a groin (Fig. 4). The question is whether the deepening took place 

because of a fine deposition formed earlier, which could be eroded by lower floods, or, the 

process occurred because of increased erosion capacity. The bed material from 2017 was not a 

sandy, fine material here, but an averaged mixture with d50 > 0.002 m, which the model was 

set up with. Thus, if the numerical model can reproduce this erosion nature, it was probably 

caused by the increased erosion capacity of the flow field. Otherwise, the bed level deepening 

might have occurred because of the initially finer bed material. At region B a groin field can 
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be found (Fig. 4). Here, local bed changes took place, both scouring processes and sediment 

depositions. The ellipse shows the place where the Vének upper gravel bar is located (Fig. 4). 

In accordance with Fig. 11, the green color means that the geometry of the bar did not change 

considerably during the examined period. Finally, the blue and the red spots at region D refer 

to intensive bed changes. As Fig. 11 points out, sediment deposition happened at the Vének 

lower side bar, which is indicated by the red spot. In contrast, considerable bed deepening 

took place in the navigation channel, in the front of the groin pair at the left bank (Fig. 4). 

Also a remarkable change can be noticed between the Vének upper and lower gravel bars. 

Here an important bed level rise can be seen in the main stream. 

 
Fig. 49 Measured bed changes for the period 2012 October – 2014 October. 

As to the validation, the reliable numerical simulation of these morphological processes 

and natures were important. Therefore, the comparison of the measured and calculated mor-

phological changes at these regions is described in more details. 

In order to confirm the better operation of the novel Re
*
 dependent combined method, 

the bed change calculation by the van Rijn, Wilcock and Crowe, the d90 and Re
*
 dependent 

combined methods were compared. Because of the significant computational time, the simula-

tions were performed only for the d and e flood waves (see. Fig. 44 d and e). The initial model 

setup (the flow field, water levels and the bed material) was given for each run from the re-

sults of the model run for the first three (Fig. 44 a, b and c) flood waves by the Re
*
 dependent 

combined method. The flood wave d is a relatively low (peak is around 3460 m
3
/s), but dura-

ble (~2 months long) flood wave, while the e is the historical one with a peak higher than 

10000 m
3
/s. Thus, the comparative analysis presents the operational characteristics of the sed-

iment transport models for both the durable lower and also for the extreme water regimes. 
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5.4.1 Validation results 

Fig. 50-Fig. 53 show the bed changes calculated for the flood wave d (Fig. 44). The bed 

change map calculated by the vR model is presented in Fig. 50. The results are very similar to 

those experienced in Chapter 3.2.5. The model estimated unrealistic changes both spatially 

and in magnitude. As the bed changes are unrealistically huge even at mean water-level the 

results suggest that the vR model does not seem to be an appropriate model for the given Dan-

ube reach, particularly not for bed change calculation in the main channel. 

 
Fig. 50 Calculated bed changes by the vR formula for a 2.5 month long period (Fig. 44). 

 
Fig. 51 Calculated bed changes by the W&C formula for a 2.5 month long period (Fig. 44). 

The W&C model shows similar behavior, as it was experienced in Chapter 3.2.5. That is 

the sediment transport model estimates more stable bed surface than the vR. In this particular 
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case the bed surface seems so resistant that the mean flow field is too weak to cause any sig-

nificant bed changes (Fig. 51). The motion of the very fine, basically suspended inlet load is 

calculated by the W&C model as bed load. Therefore, that part of the inlet sediments settled 

progressively along the channel. However, because of the quite low suspended load [117], the 

bed level rise caused by sedimentation is negligible (< 0.005 m). 

 
Fig. 52 Calculated bed changes by the d90 based novel combined method for a 2.5 months long period (Fig. 44). 

 
Fig. 53 Calculated bed changes by the Re

*
 based novel combined method for a 2.5 month long period (Fig. 44). 

Fig. 52 and Fig. 53 show the results of the combined methods; Fig. 52 illustrates the bed 

changes by the d90, while Fig. 53 by the Re
*
 dependent combined method. In both Figures, red 

lines illustrate the border line which separates the areas where the vR or the W&C model is 

activated in the initial moment of the model run. The fact that these lines are not visible sug-
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gests that only the W&C model was activated. During the first three food waves (Fig. 44 a, b 

and c), the finer fractions were probably washed out from the groin fields, resulting in a less 

fine bed material. Thus, the bed material is d90 > 0.02 m, almost in the entire model area. That 

is, despite the combined approach, essentially only the W&C formula is activated along the 

channel. Because of this, Fig. 52 shows almost the same negligible bed changes, that the 

W&C formula estimated (Fig. 51). 

In case of the Re
*
 dependent combined method, the vR formula is invoked at the near-

bank areas, at the groin fields and also at a smaller part of the Vének lower gravel bar (Fig. 

53, red line). At these regions, more significant (~0.05 m) sedimentation is estimated. That is, 

at these less hydraulically rough parts of the river bed, the deposition of both the finer bed 

load and suspended load are expected, which areas can be detected by the Re
*
, as opposed to 

the d90. In turn, in the main and navigation channel, no considerable bed change happened. 

According to the suspended form of the vR formula, the finer suspended load passes over the 

calculation domain, while the bed surface remains still, calculated by the W&C formula. This 

assumption is consistent with the conclusions of the field measurements (Chapter 2.2); the 

main channel seems to be armored enough to be resistant at mean water regime. Considering 

Fig. 52 and Fig. 53, it seems that the Re
*
 dependent combined method results in more reliable 

changes then the d90 based. 

The other flood wave, for which the comparative analysis of the different sediment 

transport models and methods were established, is the historical flood wave from 2013 (Fig. 

44 e). In case of the vR model, also an unrealistic bed change map is estimated. This is mainly 

true for the main channel. There, the motion of the coarser grains is probably overestimated, 

resulting in huge erosions and depositions. In turn, at the near-bank regions, at gravel bars and 

at the groin fields, the changes seem to be partly in the expectable order of magnitude. But it 

is clearly visible that the vR formula is not an appropriate choice for the morphological 

change calculation of such a complex river reach. 

The W&C model calculates more realistic bed changes (Fig. 55), especially in the main 

channel. However, the measured bed change map at the lower gravel bar and also at the whole 

main channel (Fig. 49) show significant changes and presumably a considerable part of it took 

place during the relevant flood wave. Based on these, the W&C formula likely overestimates 

the stability of the channel. Remarkable bed level increase can be pointed out, which moder-

ates towards the downstream direction. These bed level changes can be explained by the set-

tling of the inlet finer load, which cannot be taken into account as suspended load. The publi-

cation of Török et al. [121] pointed out that in case of mixed bed content, the Shields diagram 
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predicts lower critical bed shear stress for the bed load of the finer, sand particles, than the 

reference shear stress of the W&C model. Accordingly, the W&C model estimates respective-

ly higher stability for the sand particles, than the Shields diagram and thus the vR model. This 

leads to the unrealistic deposition in the main stream. 

 
Fig. 54 Calculated bed changes by the vR formula for the historical flood wave (Fig. 44). 

 
Fig. 55 Calculated bed changes by the W&C formula for the historical flood wave (Fig. 44). 

As it was experienced in Fig. 53, because of the initial bed material, mainly only the 

W&C formula is invoked at the d90 dependent combined model (Fig. 56). Therefore, no red 

border line can be seen. The only difference, between the bed change maps of Fig. 55 and Fig. 

56 is that bed level rise in the main channel can be observed in Fig. 55. This discrepancy oc-

curs because the d90 dependent combined method takes into account the suspended sediment 
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motion by the vR suspended sediment form. This explains that the movement of the finer frac-

tions is calculated as passing over the river reach and do not settle down. 

 
Fig. 56 Calculated bed changes by the d90 based novel combined method for the historical flood wave (Fig. 44). 

 
Fig. 57 Calculated bed changes by the Re

*
 based novel method for the historical flood wave (Fig. 44). 

The Re
*
 dependent combined method predicts more significant bed changes, compared 

to the one resulted by the d90 dependent method. The red border line in Fig. 57 suggests that 

as at the flood wave d, the Re
*
 dependent method calculates the sediment transport by the vR 

formula at the near-bank regions, at least at the initial moment of the flood wave d. This phe-

nomenon results in significant differences between the bed change maps of the d90 (Fig. 56) 

and Re
*
 dependent methods. During the flood wave e, remarkable erosion occurred at the 

groin field B. This phenomenon means that the groin field got flushed and the earlier deposit-
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ed finer sands got eroded, resulting in bed level incision. Also notable changes took place at 

the vicinity of the Vének lower gravel bar. Here, the widening of the downstream sides of the 

gravel bar can be seen, in accordance with the measured bed change map in Fig. 11, 2012-

2014. Around the groin pair at the left bank, on the opposite side of the lower gravel bar, the 

blue spots refer to erosion. This process is probably the result of a similar, flushing process as 

the one which happened at the upstream groin field. 

The comparison of the Re
*
 and d90 dependent combined methods clearly highlights the 

benefit of the novel sediment transport nature classification method (Chapter 4.). That is, the 

sediment transport nature and thus the recommended applicability conditions of the sediment 

transport formulas and the sediment transport nature can be defined more appropriately by the 

shear Reynolds number than a specific grain diameter. I.e., the grain size distribution clearly 

plays a major rule in the sediment transport nature, but the flow conditions also influence fun-

damentally the aspect of the sediment transport. This results in more realistic bed changes at 

the near-bank region of the modeled river reach by the Re
*
 dependent method. 

Analyzing the calculated bed changes in the marked boxes, the following assumptions 

can be stated. In this part, the results of the vR model were skipped because of the unrealistic 

bed change calculations. At region A, the real bed level deepening (Fig. 49) could not be re-

produced by any method. At region B, only the Re
*
 dependent method was able to predict 

significant depositions and erosions. Accordingly, the depositions probably take place during 

lower water regime, while the bed level incision occurs presumably more during the flood 

waves. Thus, the measured bed level changes during two years were formed most likely in-

deed during the whole two year long period. At region C, the Vének upper gravel bar can be 

found. All three model results suggest that the bar is in a stable state. It was not eroded or 

built by either the lower or the high flood wave. Beside region A, the bed level increase in the 

main channel between the two gravel bars (Fig. 49) could not be pointed out by any sediment 

transport formula. Finally, at region D the model results show that the widening of the gravel 

bar and also the erosion at the vicinity of the groin pair at the left bank occur rather during the 

higher flood wave than during the slighter flood waves, or mean water regime. 

A quantitative assessment of the tested sediment transport formulas was performed 

based on the results of the comparative analysis. First, it was assumed that the measured ero-

sion and deposition took place mainly during higher water regimes at region D, when the flow 

discharge was higher than the bed forming discharge. Thus, from the measured bed level 

change maps, the total volume of the erosion and deposition can be calculated. Furthermore, 

counting the number of days of the higher water levels, the average daily rate of the volume 
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of both the erosion and deposition can be estimated for region D. Likewise, based on the cal-

culated bed change maps and knowing the duration of the historical flood wave, the daily av-

erage volume changes of the deposition and erosion can be estimated. The following Table 

shows data about these volumes. Table 3 presents the ratio of the calculated and measured 

deposition and erosion volumes, for each sediment transport formula. A value of 1 would in-

dicate a perfect match to the measured volume change. 

    Sediment transport model 

    van Rijn W&C d90 based Re* based 

∆
V

 /
 d

ay
 

Deposition 48.71 4.90 0.07 3.45 

Erosion 7.19 0 0.04 0.57 

The Table data show, that the vR model is the one which overestimates most both the 

deposition and erosion volumes. The W&C model calculates the deposition rate more accu-

rately, but still indicates more than the measured. This is partly explained by the lack of the 

suspended sediment calculation. In turn, the W&C model estimates negligible low erosion 

compared to the measured. In total, the more reliable results were provided by the combined 

methods. The d90 dependent method underestimates both the deposition and erosion. The fact 

that the vR model is not activated by the d90 dependent method justifies the low erosion. Be-

cause of this, very little eroded sediments come from the upstream, resulting in less deposi-

tion. Also note, that the suspended sediment model of vR is activated, thus the very fine sedi-

ments were flushed through the modeled area. The best match was achieved by the Re
*
 de-

pendent combined method. With this, the erosions at the near-bank parts were calculated more 

accurately by the vR model, resulting in sediment feed for region D. Thus, because of the cap-

turing of the coming sediments, the widening of the deposition could be better represented. As 

the Re
*
 dependent criterion activated the vR formula at the groin pair, the bed level incision at 

its vicinity was also estimated better. 

Even though the measured and calculated bed changes cannot be compared directly, the 

nature, the magnitudes and the locations of the remarkable bed changes suggest the better 

performance of the Re
*
 dependent method. This suggests that the Re

*
 dependent method is 

able to calculate the sedimentation at the groin fields and near-bank regions (Fig. 53) during 

lower water regime. Also, it is capable to predict the flushing of the groin fields (Fig. 57) and 

the widening of the Vének lower gravel bar. 

Table 3 The ∆Vc/∆Vm values for region D, where ∆V is the average daily volume changes. ∆Vc is derived from 

the model results, while ∆Vm estimated from the bed level measurements. 
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Accordingly, the improvement of the combined method by the introducing the Re
*
 vari-

able instead of a characteristic grain size to distinguish between the suitable sediment 

transport model can be justified. The results highlight (1) the need and corrective effect of the 

combined utilization of the vR and W&C models and (2) the improvement of the combined 

method by the criterion change from the d90 dependent to the Re
*
 dependent. 

 
Fig. 58 Calculated bed changes by the Re* based novel combined method for the eight flood waves (Fig. 44). 

Fig. 58 shows the bed changes calculated by the Re
*
 dependent combined method, for 

the eight flood waves. It is visible, that the calculated bed changes are respectively smaller 

than the measured changes between 2012 and 2014 (Fig. 49). This difference is partly caused 

by the ignoring of the low- and mean flow discharge regimes in the simulations. As Fig. 13 

shows, the low- and mean flow discharges transport is the third part of the annual bed load, 

which probably also plays an important role in the bed changes. Liedermann et al. [46] point-

ed out for the Danube reach at rkm 1884.5 – 1887.5, that the dependence of the shear stress on 

the flow discharge follows a similar course as the bed load discharge does. Accordingly, as 

the sediment load depends strongly on the bed shear stress, the bed changes do it too. Based 

on this, it is supposed that because the third part of the bed load amount was skipped from the 

simulations, the calculated bed changes are then around two-third of the two years changes. 

Or vice versa, the two-third of the two years measured bed changes can be compared to the 

modeled bed changes. This assumption facilitates the quantitative comparison of the bed 

changes. Thus, for a more meaningful comparison purpose, the two-third of the measured bed 

changes is depicted in the left side of Fig. 59 and the calculated changes in the right side of 

Fig. 59. 
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Fig. 59 The two-third of the measured bed changes for the period 2012 October – 2014 October (left) and the 

calculated bed changes by the novel Re
*
 based combined method for the eight flood waves. The contour lines 

show the ±0.2 m change contours. 

By the comparison of the measured and calculated bed changes (Fig. 59) the following 

remarks can be stated. The modeled bed changes do not represent the remarkable erosion at 

region A. It is noted that this difference also means a sediment supply loss for the downstream 

in the model calculation. Since the model does not manifest any bed level decreasing, the bed 

material was probably finer here in 2012 than it was set in the numerical model based on the 

bed material sampling in 2017. 

At region B (row B, Fig. 59), the measured scours are underrepresented in the calculated 

results. Major (dz < -0.2 m) deepening can be realized only at the tip of the lowest groins. At 

the head of the upper groins, the very pale blue spots refer to a barely interpretable deepening 

(~-0.003 m). The depositions were estimated better close to the measured magnitude (yellow 

and red spots in the row B). But, the extents of the depositions are also underestimated by the 

model. This can be partly explained by the loss of the finer sediment supply from region A. 

At the Vének upper gravel bar (row C, Fig. 59), low erosion spots with small extents 

were measured, in the order of magnitude of the measurement error (~-0.1). These slight 
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deepenings are not reproduced by the numerical model, but its stable morphological state is 

reproduced. 

Finally, the Re
*
 dependent combined method points out the growing of the lower part of 

the Vének lower gravel bar (row D, Fig. 59). The measured bed changes indicate two separate 

depositions; one at the lower end and the other one at the left side of the gravel bar. These 

double depositions are also reproduced by the numerical model. Moreover, the order of mag-

nitude is in a very similar range, ~0.5 m. Like the measured changes, the model also calcu-

lates scouring in the front of the left bank groin pair. However, the extent of it is considerably 

lower than the scale of the measured deepening. In turn, the deposition between the groins is 

also indicated in both measured and calculated maps. Also an important match is that neither 

the measured nor the calculated suggests any essential bed changes in the main channel. 

Significant difference between the measured and calculated bed changes can be seen at 

region A. Here, the effect of the potential error in the initial bed material was further exam-

ined. As it was already mentioned, it is not obvious if the measured bed changes were caused 

by a flood wave with an extreme erosion capacity (which could be represented by the model), 

or rather because the bed material was finer in 2012 than the one observed from the 2017 

samplings. Therefore, an investigation was performed, which was based on the assumption 

that the bed material was finer in region A. The bed material samples from 2017 indicated a 

mean grain diameter of d50 ≈ 0.01 m. Considering the grain-size distributions in Fig. 9, a still 

realistic, but considerably finer bed material was presupposed at region A. Therefore, the 

model was set up by 30% lower d50, i.e. d50 ≈ 0.007 m. With only this difference, a simulation 

was performed for the historical flood wave. Fig. 60 presents the bed changes at region A, and 

at the downstream of this region. 

The right side of the Figure shows the bed changes in case of finer bed material. It can 

be seen that the 30% decrease of the d50 resulted in major erosion at region A. Considering the 

measured changes in the left Figure it is obvious that the decreasing of the d50 led to a better 

match to the real bed changes. However, as previously experienced, the model underestimated 

the size of the erosion. The lower set of the Figures represents the bed changes at the down-

stream part. Here, significant deposition zones could be measured in the main stream, be-

tween the two gravel bars. These changes could not be represented by the original model set-

up. However, in case of finer bed material (right Figure), the model predicted important depo-

sitions at these regions. 
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Fig. 60 Calculated bed changes by the Re

*
 based novel combined method for the historical flood wave. The 

model in the middle Figure was set up with the initial, while in the right Figure with finer bed material. The 

contour lines show the ±0.1 m change contours. 

Furthermore, the streamwise extent of the deposition downstream, in the main stream is 

also reproduced. However, the magnitude and the location are not correct. It seems that in the 

real case the eroded sediments shifted to the left bank direction and settled in the main stream. 

In turn, the model underestimated the crosswise sediment transport. Therefore, the bigger part 

of the deposition formed at the right bank side of the channel, at the upper part of the Vének 

lower gravel bar. The underestimation of the crosswise sediment transport is a known inaccu-

racy of the numerical model. It was experienced and described in more detail in Chapter 3.2.5. 

The sedimentation investigation at the downstream also points out the importance of the ap-

propriate definition of the sediment supply. That is, for the reliable sediment parameterization 

of the numerical models, appropriate sediment monitoring systems are needed. 

The herein presented investigation suggests that the bed material at region A was finer 

in 2012 than in 2017. With this assumption, the deposition at the downstream has also be-

come detectable. These results partly support the validation of the novel, Re
*
 dependent com-

bined sediment transport modeling method, and also present its unique application possibili-

ties for morphological investigations. 

Overall, the validation results indicate two essential consequences regarding the Re
*
 de-

pendent combined method. (1) The method reproduces the nature of the measured bed chang-

es. That is the slight deposition forming in the groin fields, the stable state of the upper gravel 

bar, the growing of the lower gravel bar and the erosion in the front of the lower groin pair are 

represented, in corresponding orders of magnitude. At the same time, (2) the model underes-

timates consequently the extents of the bed changes, especially the scale of the erosions. Ac-

cordingly, it can be stated that the Re
*
 based combined method is able to estimate the quanti-

tative nature of the potential morphological changes in the examined Danube reach. On the 
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other hand, the results are not able to represent precisely the quantitative changes, especially 

the extents of the erosions. However, considering the accuracy of the vR and W&C formulas, 

the quality improvement of the sediment transport modeling by the Re
*
 dependent combined 

method is clear. 

The results also highlight the importance of the accurate definition of the spatially vary-

ing bed material composition in the numerical model. That is for the proper setup of the sedi-

ment transport modeling, the bed material sampling must be taken at the same time as the 

river bed survey. Moreover, the spatial arrangement of the bed content from the point values 

is still a not unequivocal method, and there is not a generally proven method for this process. 

However, the calculated bed changes by the sediment transport models are sensitive to the bed 

material. In this model setup process, a unique method was used, which includes both the bed 

material dependency on the mean water depth and on the mean bed shear stress. However, 

further investigations are in need for the method improvement and its certification. Also, the 

definition of the active layer thickness is still an issue. The thickness of the top layer is proba-

bly spatially strongly varying, and the field detection is therefore more than challenging. Fur-

thermore, the river bed stratification can play an important role too, which is also needed to 

take into account. 

5.4.2 Morphological investigation by numerical modeling 

Based on the model results by the Re
*
 dependent combined method, the morphodynam-

ic investigation of the Danube river reach between rkm ~1795 and rkm ~1799 was performed 

in order to reveal future river bed changes. Basically, two main questions were drawn up: 

what kind of locally and large-scale changes can be expected? 

As e.g. Liedermann et al. also presented, the flow discharge refers fairly well to the lo-

cal sediment transport properties, such as the bed load discharge. Based on this a suggestion 

was stated that characteristic bed change maps can be calculated, which are able to provide 

rough estimate for the potential changes regarding different flow discharge ranges. The char-

acteristic bed change maps were calculated for the flow discharge ranges of 2000-4000 m
3
/s, 

4000-6000 m
3
/s, 6000-8000 m

3
/s and for 8000-10000 m

3
/s [122]. [Characteristic water dis-

charges are Qm = 2000 m
3
/s (mean flow), Qbf = 4300-4500 m

3
/s (range of bankfull discharge 

within the reach) Q2 = 5950 m
3
/s, Q10 = 7950 m

3
/s and Q100 = 10400 m

3
/s (2-, 10- and 100-

year flood event) [40]]. The daily bed change maps from the model results (including the ris-

ing and falling limbs of the eight flood waves) waves were sorted in the four discharge groups 
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and the average daily bed changes of the groups were calculated. Thus, the average daily bed 

change maps were created for the four discharge ranges, which are illustrated in Fig. 61. 

The right bottom Figure shows the daily bed changes in the flow discharge ranges of 

2000 – 4000 m
3
/s. Almost the entire map is colored green (∆z < ±0.002 m), which refers to a 

very stable bed surface. Considering Fig. 53 it turns out that despite the low daily change, 

durable mean discharge can result in considerable bed changes. They are mainly the sedimen-

tation in the groin fields. 

More significant erosion patches appear in discharge range of 4000 – 6000 m
3
/s. At this 

level, mainly scouring processes take place in the front of the groins. However, also an im-

portant nature that the erosion of the lower end of the Vének lower gravel bar can be detected. 

In addition, the eroded bed material of the gravel bar settled directly right after the erosion 

field, resulting in the downstream slight sliding of the bar. 

The most significant daily changes are expected in the discharge range of 6000 – 8000 

m
3
/s. It can be seen that considerable erosion takes place at the right bank groin field (region 

B) and at the surroundings of the left bank groin pair. At this discharge range, the flow rate 

exceeds the bankfull discharge range. This likely alters the recirculation flow field between 

the groins, resulting in higher velocities and erosion capacity. Major sediment deposition can 

be seen along the Vének lower gravel bar. That is to say, the higher flood waves do not erode, 

but rather build the Vének lower gravel bar. Also note that, as it was stated earlier, the sedi-

ment transport model usually underestimates the extent of the erosion, and overestimates the 

deposition rates during the flood events (see Table 3). Therefore, the width of the deposition 

is likely somewhat smaller and the extent of the erosion spot is larger. Overall, the sudden 

growing of the Vének lower gravel bar can be expected during higher discharge (Q > 4000 

m
3
/s), while its slow erosion occurs below the bankfull discharge. Thus, this part of the bed 

geometry is an alternating part, where the deposition and the erosion follow each other. 

Therefore, no large time-scale alteration trend is expected. The same kind of behavior was 

stated based on the field measurements, illustrated in Fig. 11. 

The daily bed changes map regarding the discharge range of 8000 – 10000 m
3
/s shows 

similar patterns, as the previous, but in lower range. There are still detectable erosion spots at 

the groin fields, but in less extent. That is because the finer sediments were already transport-

ed by the lower discharges, during the rising limb of the flood wave. This process explains 

why the rising limb of the flood waves transports the higher suspended sediment concentra-

tions, rather than the falling limb [123]. The increasing of the Vének lower gravel bar is also 

visible.  
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Fig. 61 Daily average bed cahnge maps for discharge ranges of 2000 – 4000 m

3
/s, 4000 – 6000 m

3
/s, 6000 – 8000 m

3
/s and for 8000 – 10000 m

3
/s. The calculation was made from 

the bed change calculation for the eight flood waves, by the Re
*
 dependent combined method. The contour lines show the ±0.005 m change contours.
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At region A, no remarkable changes are calculated in either case, with the original bed 

material setup. The Vének upper gravel bar stays stable in each discharge ranges. The bed 

level in the main stream does not change significantly either. That is, the model results show 

that the Vének upper gravel bar and the bed level in the main stream in long time-scale seems 

to be in quasi equilibrium state. These results confirm statements based on field measure-

ments. Accordingly, the trendy bed level incision is no longer in progress, but the dynamic 

equilibrium state is formed. 

The Figures suggest the most important daily bed changes for the higher (> 6000 m
3
/s) 

flow discharge ranges. In turn, the water level frequently curve (Fig. 13) illustrates that the 

higher flood waves are naturally less frequent events, which enhances the bed forming role of 

the lower flow regimes, on a long time-scale. This kind of phenomena is outlined in Fig. 13, 

where the determination of the bed-forming bed load discharge is illustrated. Even though the 

bed load discharge is much larger at higher flow discharges, the values of the bed-forming 

discharge almost equals to the mean flow discharge. 

In case of the Vének lower gravel bar, its extension can be expected during the flood 

waves. It is also notable, that the highest daily bed changes are predicted between 6000 – 

8000 m
3
/s, but not at the range of 8000 – 10000 m

3
/s. A possible explanation is that the easier 

moveable particles get already transported between 6000 – 8000 m
3
/s in a rising limb of a 

flood waves. Thus, by the time the discharge exceeds 8000 m
3
/s, the bed surface becomes 

more resistant. 

From the sediment transport aspect, the bed shear stress is the most meaningful parame-

ter of the flow. Therefore, it was studied in more details. As it was presented by Liederman 

[46], the dependence of the bed shear stress on the water flow discharges includes essential 

information in respect to the sediment transport and bed change processes. As the slope meth-

od (Eq. 2.1) also suggests, the increasing of the flow discharge results in bigger sediment 

transport capacity related to a channel section. However, the local connection between the 

flow discharge and the bed shear stress can be more complicated, especially in case of com-

plex bed geometry. For this reason, the calculated bed shear stresses are depicted as the func-

tion of the flow discharges in Fig. 62. The markers belong to a given location, which are illus-

trated in Fig. 63. 

The deltoids represent the values from a point of the narrowed section. It can be seen 

that the bed shear stress increases with the flow discharge until the bankfull level. The very 

high stress values cause the armoring of the bed surface. In turn, between the Qbf and Q2, sig-

nificant ~50% decrease of the bed shear stress happens. It is followed by a quasi-permanent 
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phase. Despite the significant reduction of the shear stress, the transport capacity is still high 

enough (~8 N/m
2
) to avoid sedimentation. The trend of the shear stress can be explained by 

the displacement of the mainstream. During lower and mean water regimes, the main stream 

is located in the deepest narrow part of the cross-section. However, the crescent water level 

causes the increase of the effective width of the flow. This process finally results in the dis-

placement of the main stream. The corresponding cross-sectional bed shear stress distribu-

tions, presented in Török et al. [20], can be seen in the left graph, where the values were cal-

culated from the moving ADCP field measurements regarding the peak of the historical flood 

wave (continuous line) and to a mean flow discharge (dotted line) [20]. The measured results 

also represent that the bed shear stress in the narrowing sections takes a higher (10-7 N/m
2
) 

value during a mean flow condition than at around Q100 discharge. That is the measured and 

calculated results support each other. 

The varying nature of the bed shear values in the main channel (Fig. 63, circle) follows 

the nature which Liedermann [46] presented (circles in Fig. 62). That is, the bed shear stress 

increases until Qbf. From that level a quasi-invariant level comes. Finally, another rising sec-

tion can be pointed out. In the same cross-section, a point in the groin field was also investi-

gated. As the squares suggest, no remarkable alteration can be seen in the bed shear stress 

values until Qbf. The magnitude of the values (~1 N/m
2
) explains the sedimentations at this 

river section during lower flows. In turn, the bed shear stress values show a clear growing 

trend above Qbf, suggesting the flushing of the groin field. 

Finally, the bed shear stresses at the lower end of the Vének lower bar were analyzed. 

Here, the points follow a very similar nature as the points in the narrowing, but in a much 

lower range. Until Qbf, the shear values fall between 4-6 N/m
2
, causing both erosion and sed-

imentation. Both the W&C and the vR models predict this shear stress range as critical for the 

grains with 4-8 mm diameters. That is the selective erosion phenomenon occurs and results in 

the transport of the sand and the deposition of the gravel, forming the gravel bar. Above the 

Qbf, the flow pattern changes and the bed shear stress falls off. This phenomenon causes the 

more important daily deposition of the fine fractions during flood waves (Fig. 61). This 

statement explains more accurately the measured grain-size distribution at this location, in 

Fig. 9 E, nr. 5. That is the fractions between 2 – 6 mm are barely present, because the mean 

flow transports them away. On the other hand, the sand fractions are in quite high rate (sand 

content is ~35%), because they can settle during the flood waves. 



Improvement and application for morphological investigation of the combined sediment 

transport method  91 

 

 
Fig. 62 The corresponding flow discharge and calculated bed shear stress values. Characteristic water 

discharges are Qm = 2000 m
3
/s (mean flow), Qbf = 4300 – 4500 m

3
/s (range of bankfull discharge within the 

reach) Q2 = 5950 m
3
/s, Q10 = 7950 m

3
/s and Q100 = 10400 m

3
/s (2-, 10- and 100-year flood event) [40]. 

 
Fig. 63 The locations of the points, where the bed shaer stress - flow discharge connections are presented in Fig. 

62. The red markers are coherent with the signs in Fig. 62. The left graph shows the cross-sectional bed shear 

stress distribution, determined from field measurements during the historical flood wave and during a mean flow 

condition [20]. 

Liedermann [46] mentions 0.004 average bed slope in their study, which is around 

three-four times higher than the average slope at the herein studied reach of the Danube 

(Chapter 2.1). Accordingly, based on the slope method (Eq. 2.1), the average bed shear stress 

is expected to be around half of the value characteristic at the Austrian reach. This is support-

ed by the results of Liedermann and of Fig. 62. That is, the bed shear stresses over the flow 

discharge spectrum follow very similar trends, but the values for the Hungarian reach are half 

compared to the ones at the Austrian site. 
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As it was already mentioned, the parameterization of the floodplain was quite uncertain 

and there was no validation data (e.g. bed change map) either. Therefore, in order to reveal 

the impact of the floodplain on the morphodynamic processes in the main channel, the aver-

age bed shear stress values regarding the entire area covered by water, the area of the flood-

plain area, which is covered by water and the main channel were calculated. The average val-

ues were calculated based on the corresponding area sizes, not on the number of calculation 

cells. The values are derived from the model run results regarding the historical flood wave. 

 
Fig. 64 The corresponding flow discharge and the areal average of the calculated bed shear stress values. In 

accordance to the legend, the average values belong to the entire area covered by water (square), the main 

channel (circle) and the are of the floodplain which is covered by water (triangle). The green “X” markers show 

the rate of the average bed shear stress on the floodplain to the average shear stress in the main channel. 

Considering the average bed shear stress values regarding the main channel and the 

floodplain area separately, increasing tendency can be noticed (Fig. 64). That is, the higher 

the flow discharge, the higher the average bed shear stress both on the floodplain area and 

also in the main channel. However, the green “X” markers refer that the average bed shear 

stress of the floodplain increases more rapidly than the average shear stress in the main chan-

nel. A possible reason for this kind of behavior is that the higher the flow discharge, the high-

er the proportion of the water volume which is transported on the floodplain area. 

It can also be seen that the average bed shear stress is around 1 N/m
2
 in the floodplain 

area, whereas ~4-5 N/m
2
 in the main channel. This suggests that rather the suspended sedi-

ment load dominates on the floodplain areas than the bed load transport. Thus, the accuracy 

and the reliability of the suspended sediment related measured data are the key factors for the 

estimation of the morphodynamic processes in the floodplain areas.  
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6 Conclusions 

6.1  Theses 

1. Thesis: Morphological investigation of the dynamic equilibrium state based on combined 

field measurements 

The morphology of the Danube River could be characterized with intensive bed incision 

downstream of the tailrace canal of the Gabcikovo hydroelectric power plant (< rkm 1811) 

in the last decades, primarily resulted by engineering structures (hydroelectric power plant, 

groin fields, dredging). On the other hand, the bed erosion of the upstream caused partly 

temporary depositions, e.g. gravel bar formation. Many recent studies focused on the as-

sessment of the bed changes, however, no prediction on future spatial and temporal behav-

ior of these changes was performed.  

In the most problematic section, the river reach between rkm 1795 and 1800, I have 

identified that the river bed has reached a near-dynamic equilibrium state and only local 

bed material rearrangements are expected. Two unique morphological features can be 

found within this problematic reach, the point gravel bar at rkm 1797 and the side gravel 

bar at rkm 1795.5. I showed that the former is in stable state, whereas the latter indicates a 

water flow dependent instability. 

I confirmed that the reach-scale dynamic equilibrium state of a large river with 

complex flow and morphological features can be demonstrated by combining up-to-

date field measurement techniques and data post processing methods (bed topogra-

phy survey, bed load measurement, acoustic flow measurements, bed material sam-

pling and duration analysis). [2] 

2. Thesis: Investigation of the locally dominant sediment transport nature in large rivers 

with complex morphodynamic conditions: development of a novel shear Reynolds number 

based classification method 

The Shields-Parker diagram demonstrates that the dominant sediment transport nature 

in a channel can be reliably determined as the function of the so called explicit particle 

Reynolds number (Rep) in case of uniform bed material. However, in case of non-uniform 

bed material together with complex flow- and morphological features, this method, or the 

application of characteristic grain sizes, e.g. d50, d90, indicates high uncertainty. 
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Based on laboratory experiments and field measurements I demonstrated that in-

stead of the explicit particle Reynolds number (Rep), or the application of characteris-

tic grain sizes, e.g. d50, d90, the shear Reynolds number (Re
*
) is a more adequate pa-

rameter to assess the locally dominant sediment transport nature.  

Based on my findings, the following classification can be made: 

 Re
*
 < ~300  sand transport dominates, 

 Re
*
 > ~400  gravel transport dominates, 

 ~300 < Re
*
 < ~400  gravel accumulating and gravel bar formation is ex-

pected. [7] 

3. Thesis: Improvement of sediment transport modeling of channels with non-uniform bed 

material   

Sediment transport formulas are generally developed and validated for specific morpho-

dynamic conditions, e.g. uniform flow and uniform bed material content, and are not suita-

ble for spatially and temporally strongly varying situations. I presented that if complex 

morphodynamic processes take place in short reaches, e.g. deposition of fine sediments, 

bed material coarsening or bed armor development, the combination of different formulas 

can improve the accuracy of the sediment transport modeling. Here, the bed load transport 

formulas of van Rijn, developed for sand transport, and the one of Wilcock and Crowe, de-

veloped for sand-gravel mixture, were applied in combination, to treat fine sand and gravel 

transport at the same time. Based on calibration and validation measurements, I suggest the 

utilization of weighting the two formulas based on the Re
*
, as the followings: 

 van Rijn bed load transport formula: Re
*
 < ~400, 

 Wilcock and Crowe bed load transport formula: Re
*
 > ~300. 

I developed a novel sediment transport calculation method, which is based on the 

combined utilization of the van Rijn and the Wilcock and Crowe formulas. The local 

sediment transport is estimated by a weighting of the two approaches. The method 

was implemented in a three-dimensional numerical hydrodynamic model. The devel-

oped method was validated against laboratory and field data, both with complex flow 

and morphodynamic conditions. Furthermore, I demonstrated that the most suitable 

criterion for the weighting of the two formulas applies the Re
*
. [1,9,10] 
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4. Thesis: Reach-scale investigation of unique unsteady morphodynamic processes by means 

of three-dimensional numerical simulations through the case study of the upper-

Hungarian Danube reach 

I carried out the morphodynamic investigations of the Danube River, between rkm 1795 

and 1800, based on three-dimensional sediment transport numerical modeling, using the 

novel sediment transport modeling method. Based on the simulation results, maps of aver-

age daily bed changes could be prepared for different flow discharge ranges. Targeted 

analysis of the spatial and temporal morphological changes contributed to the better under-

standing of local morphodynamic processes. The following statements could be stated for 

the chosen study site: 

 The significant bed level incision in the main channel, which was detected in the last 

decades, was not predicted by the numerical model, neither at flood waves nor at 

mean flow regime. Confirming the findings of Thesis 1, a near dynamic equilibrium 

state is presumable. 

 At the shallow zones, i.e. at the groin fields, mean and high flow discharges can re-

sult in locally different morphodynamic processes. At mean water regime, the finer 

sediments are deposited here, yielding temporary bed level rise. However, at higher 

flow regime these depositions are eroded, resulting in local bed level decrease. 

 It was shown that the point bar at rkm 1797 is in dynamic equilibrium state; major 

changes are not expected at either mean or at high flow regime. The downstream end 

of side gravel bar at rkm 1795.5 shows severe changes. During floods the bar is 

growing, while during lower water regime it is eroding. 

 The relationship between the flow discharge and the local bed shear stress values 

could also be analyzed. A critical role of the bankfull discharge in the trends of the 

local morphological processes was also introduced. 

The conclusions made based on the numerical simulations and the ones based on field 

measurements (Thesis 1) support and verify each other. 

Through a representative case study, I proved that local-scale spatiotemporal 

analysis of unique morphodynamic processes can be performed with the novel sedi-

ment transport modeling method in a large river, with complex flow- and morpholog-

ical features and non-uniform bed material composition. The developed numerical 

tool is proven to be a suitable investigation methodology for the analysis of future res-
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toration measures, as local- and reach-scale morphodynamic processes, moreover, the 

interaction-mechanism between the two scales can be revealed. [8,9] 
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2. Török, G. T., Baranya, S. (2017): „Morphological investigation of a critical reach of the 

upper Hungarian Danube”, Periodica Polytechnica – Civil Engineering, 62:(4) pp.752-
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3. Baranya, S., Józsa, J., Török, G. T., Kondor G., Ficsor J., Mohácsiné Simon 

G., Habersack, H., Haimann, M., Riegler, A., Liedermann, M., Hengl, M. (2015): „A Du-

na hordalékvizsgálatai a SEDDON osztrák-magyar együttműködési projekt keretében 

(Introduction of the joint Austro-Hungarian sediment research under the SEDDON 

ERFE-project)”, Hidrológiai Közlöny, 95:(1) pp. 41-46. 
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posium on Environmental Hydraulics, South Bend, United States of America, (accepted) 

8. Török, G. T., Baranya, S. (2018) „ Morphodynamic investigation of the Danube River by 

a novel sediment transport modelling method", poster section, EGU 2018 (European Ge-
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10. Török, G. T., Baranya, S., Rüther, N. (2016): „River bed armoring in a local scour under 
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er section, EGU 2016 (European Geosciences Union), Wien, Austria 
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Török, G. T. (2013): „Vegyes szemösszetételű folyómedrek numerikus vizsgálata Nu-

merical investigation of non-uniform bed material)”, Hidrológiai Tájékoztató, 2013., pp. 22-
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6.3 Outlook 

In this doctoral thesis morpholdynamic investigation methods were performed based on 

combined field measurement and numerical modeling through the study site of an upper Hun-

garian Danube reach. The need for the improvement of the present morphodynamic investiga-

tion methods is evident. As neither the Re
*
 based combined sediment transport modeling 

method nor the field measurement based investigation is site specific they could be extended 

to other rivers and river sections. Thus, the application of the methods provide more reliable 

morphological investigations (e.g. river bed stability examination, bed change trend forecast), 

especially in case of non-uniform bed and sediment material with complex bed geometry. 

As it was mentioned in the thesis, the establishment of sediment monitoring stations is 

fundamental in order to improve the field measurements based morphodynamic investigation 

method. Thus, the temporality of the actual processes would become detectable. Important 

progression would be supported by more frequent bed material sampling, which should be 

synchronized with the riverbed topography measurements. The need for the campaign field 

measurements at high water regime is essential too, which would complement the knowledge 

of the sediment transport processes. Furthermore, more reliable validation of the Re
*
 based 

sediment transport classification method requires additional field measurements. 

More detailed and reliable sediment- and bed material measurements are needed for 

numerical model parameterization purpose also. In spite of reliable sediment transport model-

ing method, a weak sediment and bed material parameterization can lead to unrealistic and 

inaccurate calculation. Moreover, the spatial allocation of the bed content from point data is 

still a less exact and not validated part of the numerical model setup. The top (active) layer 

and the below layering of different type of bed material plays also an important role in the bed 

erosion and bed armoring process. Therefore, the accurate measurement of these thicknesses 

would be also essential data for the numerical models. Furthermore, the feasible change of the 

grain packing density should be also taking into account, however it might affect the re-

sistance of the bed surface and the bed change extent. 

The presented and validated Re
*
 based novel method offers the opportunity to investi-

gate other, complex river sections with mixed-sized and varied bed materials. Thus, the addi-

tional validation of the method by other study site investigations could be materialized. 

Finally, the importance of the laboratory experiments is also mentioned. The small-scale 

measurements provide the opportunity of more accurate investigations of the sub-processes, 

which is an essential step before the real-scale field measurement and numerical modeling.   
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8 Appendix 

8.1 Description of the validation laboratory experiments 

8.1.1 Experimental setup 

The flume experiments of Török et al. [59] were used for numerical model validation 

purposes. The measurements were carried out in an 11 m long and 1 m wide recirculating 

flume at the laboratory of the Norwegian University of Science and Technology (NTNU). In 

the channel, a 0.33 m long obstacle was installed perpendicular to the flow, 5 m far from the 

end of the flume. The local coordinate system and the sketch of the flume are shown in Fig. 

65. 

  

 
Fig. 65 Perspective view of the flume from upstream (top) and the layout in a distorted sketch. 

The water depth is controlled by a weir at the most downstream end of the flume. Thus 

for each discharge the uniform flow conditions could be reached by the adjustment of the wa-

ter surface slope equal to the bed slope. The measured main hydraulic features for each dis-

charge are presented in the following table. Herein, Q is the flow discharge, havg is the water 

depth at the outlet, vavg is the averaged flow velocity, Fr is the Froude number, Re is the 

Reynolds number, τavg is the averaged bed shear stress, estimated as described in Chapter 
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8.1.2 and Sbed is the bed slope. The variables show that the flow was subcritical (Fr < 1) and 

turbulent (Re > 40 000) in every case. 

Q, l/s hout, m vavg, m/s Fr, - Re, - τavg, N/m2 Sbed, - 

58 0.137 0.42 0.15 45500 1.9 0.0027 

72 0.143 0.50 0.21 56000 3.4 0.0027 

100 0.175 0.57 0.25 74100 3.7 0.0027 

 

The initial bed material was a sand-gravel mixture. The grain-size distribution (GSD) of 

the bed composition was defined by two different methods: volume-by-weight and area-by-

number GSD. The volume-by-weight GSD is a more known and frequently used description 

of the material, but needs physical sample from the bed for the sieve analysis. Since the sam-

pling would have disturbed the content and the compactness of the bed surface, the volume-

by-weight method could have only been used at the beginning and at the end of the experi-

ment. The area-by-number GSD can be defined based on image analysis. Since this method 

does not disturb the bed surface, it is more suitable to check the bed composition changes at 

the intermediate equilibrium levels. In this study, therefore, we applied the area-by-number 

method to monitor the temporal variation of the bed material GSD. There are, however, dif-

ferences in the results of the two methods which have to be considered when comparing the 

experimental and numerical results (the latter will indicate volumetric information). The con-

version of the results between the two methods is described more detailed in Chapter 8.1.2. 

The volume-by-weight and area-by-number grain-size distributions of the initial mixture are 

presented in Fig. 66. The mean grain diameter is dm = 8.7 mm, and d50 = 5.2 mm, determined 

from the volume-by-weight GSD. 

  
Fig. 66 The initial area-by-number (purple) and volume-by-number (green) grain-size distribution of the bed 

material 

Table 4 Hydraulic features of each run 
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The well-mixed bed material was evenly placed throughout the flume with a thickness 

of 21 cm (± 0.5 cm). The channel slope was set to 2.7‰. At the downstream end of the flume, 

a sediment trap was installed to capture the out-washed bed material. 

The experiment was carried out at three different constant discharges: Q1 = 58 l/s, Q2 = 

72 l/s and Q3 = 100 l/s, respectively. The water depths at the outlet are, h1 = 13 cm, h2 = 14.3 

cm, h3 = 17.5 cm, respectively. The first experiment with the lowest discharge was run until 

reaching the equilibrium bed geometry. The second experiment started from this condition 

and was run until the new equilibrium condition, then the third experiment was carried out in 

the same way. The flow conditions, the sediment transport and the bed morphology were 

monitored throughout the experiments as introduced in the following chapters. 

8.1.2 Measurement procedure 

Velocity measurements and bed shear stress estimation 

Point-velocity measurements were carried out with a 3D Acoustic Doppler Velocimeter 

(ADV), “Vectrino Velocimeter” made by Nortek AS, after reaching the equilibrium bed ge-

ometry for each model run. The main goal of the velocity measurements was to obtain infor-

mation on the flow features with a strong focus on the surroundings of the groin. Vertical ve-

locity profiles were produced, having 6-12 points per vertical. At each point a 2 minute long 

sampling was performed with a sampling frequency of 25 Hz. The so called acceleration cor-

relation filter technique [124] was used to clean instantaneous velocity datasets recorded by 

the ADV. Kim et al. [44] presents a comparative study of different methods for estimating bed 

shear stress from ADV data. As concluded, there is no generally applicable method, but the 

TKE-Method was found to be the most consistent one. Also, based on the comparative analy-

sis of Biron et al. [76], in case of a complex flow field around an obstacle, the TKE-Method 

applied for the lowermost measurement point provides the best estimate of the local bed shear 

stress. Based on this, the TKE-Method was applied in this study.  

Note that considering the uncertainty of the parameter estimation, we focus on the spa-

tial variability of the bed shear stress instead of the exact quantities. In addition to the bed 

shear stress estimation, time averaged velocity values were also calculated from the measured 

time series. 

Bed leveling 

At the initial stage, and after reaching the equilibrium bed geometry at each model run, 

the elevation of the bed along the entire channel was scanned using a 2D Acuity AP820 Laser 

Scanner 120. The equipment measures the scanner-surface distance. The principle of the op-
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eration is introduced thoroughly in AccuProfile™ 820 Laser Scanners User’s Manual [125]. 

Using this technique a high resolution image of the flume bed geometry was produced for 

each equilibrium stage. 

Bed surface composition analysis 

As essential information for the numerical model parameterization and validation, and 

also to track the development of bed armoring, the grain composition of the bed surface was 

analyzed. For this purpose local grain size distributions (GSD) were estimated at certain spots 

along the flume after each experimental run, when reaching the equilibrium stage. The auto-

mated image based grain detection software tool BASEGRAIN [126] was applied to provide 

local GSD.  

Based on the automatic detection of the grains, the software generates an area-by-

number distribution of a smaller (~10 x 10 cm) area. Due to the different interpretations of the 

grain-size distribution, the area-by-number (AbN) distribution is not directly comparable to 

the volume-by-weight distribution type [127]. Therefore, based on reference probes, a conver-

sion was established to estimate the d50 of the volume-by-weight (VbW) grain-size distribu-

tion. The formula, which is specific for this study, was established as: 

                        (8.1) 

where d50,VbW and d50,AbN are the d50 values according to the volume-by-number and ar-

ea-by-number GSD, respectively. 

In addition to the conversion method, there are some further uncertainties regarding the 

determination of the bed content. The image noise plays an essential role in the results of the 

image based method, which can impair its reliability. When comparing the laboratory experi-

ments and numerical model results the spatial representativity of the GSD should also be tak-

en into account. The image-based analysis represents an averaged for a 0.1 m x 0.1 m size 

square, whereas the numerical model results belong to grid points. On the whole, considering 

all the above mentioned points, the comparisons performed in the followings mean a qualita-

tive assessment rather than quantitative. 

8.1.3 Assessment of laboratory experiments 

Each of the three experiments at different discharges was run until reaching the equilib-

rium bed geometry. This condition was identified defining threshold values for the bed load 

rate as well as for the maximum bed changes. If the bed load discharge, measured at the outlet 

section of the flume, lowered below 0.3 kg/h and the highest change in bed level lowered 

within ±0.5 cm, the bed geometry was considered to be in equilibrium state. This theory was 
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confirmed by the measured flow conditions, too, as the water levels reached a stable free sur-

face profile. 

Once the equilibrium state was reached, the bed surface along the entire flume was 

measured by a laser scanner. Fig. 67 shows the measured bed level changes after each model 

run. The circles on the plots indicate the local d50 values of the bed material, calculated from 

the converted volume-by-weight grain-size distribution. 

.  

 

 
Fig. 67 Contour plots: bed changes distribution after each experiment. Circles: local VbW d50 values of the bed 

surface (size and tone indicate size) 

At the end of the first model run, significant bed changes were detected only in the close 

vicinity of the groin. As a result of the flow contraction, a typical local scour formed at the tip 

of the structure. The shape of the erosion zone reflects to a general bed shear stress distribu-

tion around a groin [128]. The highest erosion was around 5 cm. The eroded material is then 

being transported in the downstream direction as long as the sediment transport capacity of 

the flow is high enough. Reaching this point, as the figure clearly shows, a local sediment 
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deposition formed around 1 m downstream of the groin, close to the right side of the flume. 

No significant bed changes were observed in other parts of the flume for the first model run 

Using the image based analysis of the bed material composition, the local d50 values 

could be assessed, also shown in Fig. 67. The larger and lighter the circle, the coarser the bed 

material. At the end of the first experiment, the spatial distribution of the d50 indicates a slight 

bed material coarsening in the erosion zone, which refers to the selective erosion process, i.e. 

the bed armoring. More intensive morphological changes characterized the second model run, 

at higher flow discharge (Fig. 67). 

The zone of the scour hole extends, the deposition zone, on the other hand, is pushed 

downstream by the increasing sediment transport capacity, but still local realignment of the 

bed material occurs. Due to the persisting selective erosion process and the higher erosion 

capability of the flow, the finer fractions are entrained, resulting in an increasing d50 along the 

entire study domain. This phenomenon is even more enhanced at the tip of the groin and in 

the flow contraction zone. Moreover, the areal distribution of the d50 sizes also indicates that 

the bed material in the recirculation zone is finer than in the main stream. Indeed, the eroded 

finer fractions from the scour are trapped in the zone. 

As expected, the most significant bed level and bed composition changes occurred at the 

highest flow discharge during the third model run. The scour hole further extends in upstream 

direction, unlike in downstream direction. Moreover, a clear deepening of the flume bed can 

be observed directly upstream of the groin, suggesting an enhanced role of the turbulence 

growth in this situation. Furthermore, the considerable sediment deposition, formed at the end 

of the previous run, almost disappeared from the right side of the flume (Fig. 67). 

 
Fig. 68 Inflow discharge time series (black solid line), time series of bed changes in the deposition zone (red 

line and dots) and time series of bed changes in the scour hole (blue line and dots). 
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The scouring and aggregation processes were examined based on the measured bed 

change time series from the scour hole and the deposition. Fig. 68 shows the evolution of the 

deepest points (x = 4.98 m; y = 0.59 m) in the flume and the highest point (x = 4.50 m; y = 

0.75 m) of the monitored area (in the 80 cm close surroundings of the obstacle, in the down-

stream direction) by bed change sensors.  

It can be observed that the scouring process is a much faster process, than the formation 

of the deposition. The blue line and dots show that the deepest point forms in a relatively 

short time compared to the deposition, indicated with red. The scour hole development is, 

however, somewhat slower in the third run than in the first two cases which is likely resulted 

by the arriving sediment from upstream, where bed erosion took place. 

Using the filtered velocity data, local bed shear stress values were estimated based on 

the above presented methods (Chapter 8.1.2). 

The interaction between the near-bed flow conditions and the bed material could be ana-

lyzed by plotting the d50 grain sizes versus the bed shear stress for the measured points (Fig. 

69). 

 
Fig. 69 Local bed shear stress values versus d50 of the related bed material (for the explanation of the data 

groups see the text). 

A general tendency can be observed, indicating that the increasing bed shear stress 

evolves a coarser bed surface. This behavior clearly refers to the selective erosion process. 

Moreover, the data points indicated with blue ellipses show that the flow discharge also af-

fects the d50 and bed shear stress relationship. At same shear values the coarser bed material 

belongs to the higher flow discharge. A possible reason of this phenomenon can be that the 

formation of bed armoring is the result of both the erosion of finer fractions and the trapping 

of larger grains transported from the upstream. If the local bed shear stress is lower than the 
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critical shear stress of the coarse grain, the transported particle finds a stable state and settles. 

Consequently, the amount of the trapped grains and thus the coarsening of the bed material 

depend on the sediment discharge from the up-stream. This kind of process was detected and 

investigated in Chapter 2.2 (Fig. 9 and Fig. 10), where the formation of the Vének gravel bars 

was examined. 

The last pair of points (marked by dotted ellipse in Fig. 69) shows the d50 in the scour 

hole. At this area, the trapping effect of the scour hole [129] can be another reason of the 

coarsening at the same discharge. 

The above experienced results indicates such complex flow and morphological process-

es that scouring, bed armoring, aggradation and erosion of finer particles at the same time 

happened, spatially separated. Based on this, the laboratory experiments are inadequate for the 

investigation of the application limits of the distinct empirical equations and especially for the 

validation of the novel sediment transport modeling method. 

8.2 Hydrodynamical and mathematical bases of the applied 

3D model 

The applied 3D numerical model called SSIIM was developed by Nils Reidar B. Olsen. 

The model bases on equations and methods which are presented in detail in Numerical Model-

ling and Hydraulics (Olsen, 2009) [73]. The herein described hydrodinamical and mathemati-

cal bases of the model are the abridgement of that paper. 

Basic equations of flow velocity and turbulence 

In the applied 3D description, the conservation of the volume and impulse of the fluid 

body is expressed by the Navier–Stokes equations, of which we used the so-called Reynolds 

time averaging version (RANS) for turbulent conditions. Therefore, we used somewhat unu-

sual notation for rates in order to emphasize the function of time averaging. The turbulent 

nature of the flow rates are usually described by recording the current velocity in a point as 

the sum of two parts by Reynolds-type separation, an average velocity Ui for an appropriately 

selected T time base  and the random deviation from the current velocity, the so-caled ui pul-

sation rate. The i index refers to three spatial velocity vectors perpendicular on each other 

(that is, x1 ≡ x, x2 ≡ y, x3 ≡ z, U1 ≡ U, U2 ≡ V, U3 ≡ W and so on). By replacing these rates in 

this way, the flow continuity is expressed through the divergence free nature of this velocity 

field, while the concise form of the equations expressing impulse conservation by systemati-

cally averaging the Navier–Stokes equations for T time base are as follows:  
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where U and u are the components of the abovementioned average velocity and pulsa-

tion velocity; P is hydrodynamic pressure; xj: Déscartes spatial coordinates;  ij: Kronecker 

delta (1 if i = j, and 0 if i ≠ j). In this version, concision is allowed by Einstein’s summation 

notation, the extended version of which is 
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The last term on the right side of the above partial differential equation system is the so-

called Reynolds term from time averaging which is approximated using a form similar to mo-

lecular viscosity as follows:  
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where ρ is water density; νT is the eddy viscosity coefficient; k is the turbulent kinetic 

energy. The following form the descriptive equations can be obtained by replacing this so-

called Boussinesq approximation:  
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], (8.5) 

 
where k and νT are additional unknowns, and thus, the process can be described mathe-

matically only by establishing further relationships. 

The model used contains one of the common type of the possible versions, the addition-

al description of the k-ε turbulence [15]. Accordingly, assuming isotropic conditions, the eddy 

viscosity coefficient is approximated by the  

      
  

 
 (8.6) 

equation, where ε is the dissipation rate of the turbulent kinetic energy; cμ is constant 

and k is the turbulent kinetic energy for the moving fluid unit mass:  
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The transport of the turbulent kinetic energy is modelled using the following differential 

equation:  
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where the Pk term expressing the generation of the kinetic energy:  
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ε expresses the dissipation rate of the turbulent kinetic energy relevant for the evolution 

of flow conditions, which in turn is modelled using the following differential equation: 
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The constant parameters of the k-ε turbulence model are the values determined for the 

case that can be generalized based on the lab tests usually reported in the literature [15]: Cμ = 

0.09; Cε1 = 1.44; Cε2 = 1.92; σk = 1.0; σε = 1.3.  

On the river bed surface, the model uses the logarithmic velocity describing the patterns 

in the boundary layer flow forming there [45]:  
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in which U‖ is the projection parallel to the velocity bed; u* is the so-called shear veloci-

ty; κ is the Kármán constant (~0.4); y is the distance of the point studied (cell centre in the 

discrete calculation) from the river bed surface; ks is the Nikuradse roughness height of the 

river bed. 

Numerical solution 

Treating the modelled range as curvilinear rectangular block, it is discretized using a so-

called structured 3D grid. This spatial grid can be formed by a curved line grid fitting to the 

shore line in horizontal plane, which is then extended over the depth profile using a vertical 

grid distribution with fix number of layers and proportion (also known: σ-type). The model 

allows for flexible grid generation due to its property to provide the solution of the basic flow 

equations transformed to a general curvilinear system and thus the grid lines do not have to be 

locally perpendicular on each other, in other words orthogonal. 

Due to the discretization with curvilinear rectangular blocks, the applied grid is struc-

tured in the conventional sense, that is, the spatial grid points and the cells are simply num-

bered as the elements of a 3D matrix. A numerical solution of the flow task is given in these 

cells. The terms in the above basic equations were replaced by suitable finite approximation 

schemes (for example, nonlinear advection terms are expressed by schemes called in the in-

ternational literature power-law schemes [72]). The approximation schemes are applied to the 

entire calculation range by parametric expression of discrete flow variables defined in the 

centre of adjacent cells of the grid that are unknown in the beginning. By doing so, the partial 

differential equations are transformed into new algebraic equations, which are then solved for 
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discrete variables as flow properties. The expression of these schemes can be considered a 

kind of weighted averaging. In the 2D case, the scheme is:  

 
In this scheme, the cells are marked: north (n), south (s), east (e) and west (w), and 

 ae: weight of Cell “e”,  

 aw: weight of Cell ”w”,  

 an: weight of Cell “n”,  

 as: weight of Cell “s” and  

 ap = sum of weights ae + aw + an + as,  

the equation for the definition of the variable in the middle is: 

    
                   

  
. (8.12) 

In 3D numerical flow modelling the calculation of the pressure distribution presents an-

other numerical difficulty because the continuity equation does not include the pressure, only 

the velocity components. In this case, the SIMPLE method (Semi Implicit Method for Pres-

sure Linked Equations) is used [72]. This method aims at creating a pressure field by creating 

the equation necessary for the so-called pressure correction using an estimated pressure value 

and the gap. If the pressure is corrected in this way, the continuity requirement is also ful-

filled. 

In order to create the equation necessary for the pressure correction the following nota-

tion is used: primarily calculated variables that do not fulfil the continuity requirement are 

marked with (
*
), while the corrections for different variables are indicated with an apostrophe 

(
’
); corrected variables are not indexed. Therefore, for pressure P and velocity component 

with k direction:  

P = P
*
 + P

’
 

Uk = U
*

k + U’k 

After estimating the pressure, the discretized Navier–Stokes equations will have the fol-

lowing general form:  
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where the nb index notation indicates all adjacent cells, and the terms from the discreti-

zation from the differentials of different equations are suitably grouped (in the term in brack-

ets, A means the area of the cell wall, while ξ is the spatial variable understood in a curved 

line coordinate system). 

The discretized version of the basic equations containing corrected variables:  
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where, if we deduce it from the previous equation, the following is obtained for the cor-

rection of the velocities: 
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). (8.15) 

This equation provides a correction of the velocity values for known pressure correc-

tions. In order to make pressure corrections, the following continuity equation is used for the 

velocity corrections recorded on the cells: 

 ∑     
 

    . (8.16) 

By inserting the previous equation in this equation, the following equation is obtained:  

     
  ∑    

     , (8.17) 

where b indicates the existing gap. This equation is solved just as the above.  

The steps of this procedure: 

1. Estimation of the pressure field, P
*
.  

2. Calculation of U
*
.  

3. Determination of the pressure correction P
’
.  

4. Pressure correction by adding P
’
 to P

*
.  

5. Correction of velocities.  

6. Iteration (repetition) until a solution with the desired precision from Step 2. 

Therefore, an equation is not directly solved for the pressure, only for pressure correc-

tion, so the pressure is obtained by step-by-step correction. 
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8.3 The summary of the experimental results of Shields, re-

garding to the connection between the shear Reynolds 

number and the grain stability 

The first case is when the viscous layer thickness is larger than the mean grain size. This 

is the class when the flow regime is the smoothest, when the R
*
 takes the lowest value. In this 

case, the roughness results in no additional energy loss, therefore the bed surface can be con-

sidered as a smooth surface. Then, the grain starts to move only if the bed shear force is high 

enough to lift the particle, which process is prevented by the weight of the grain. At this sec-

tion, the 𝜏*
 decreases with increasing the Re

*
. Then, the second class is when the viscous layer 

thickness is of the same order of magnitude as the mean grain size. Development of eddies 

can be observed at Re
*
 of around 10, which indicates hydraulic transition flow regime. This is 

the case when the lowest bed shear stress can move the particle. In the third region, the vis-

cous layer thickness is almost fully eliminated by the eddy formations, thus the flow patterns 

is evolved mainly by eddies. Then, the critical bed shear stress is increases with increasing 

Re
*
. The hydraulic flow regime becomes even rougher. The last case is when the resistance of 

the flow pattern increases with the same quadratic as the flow around the grain. Hence, the 

dimensionless critical bed shear stress does not change but takes a constant value around 0.06. 

The paper mentions that this region begins at Re
*
 ≈ 1000. However, because of the few meas-

urement in this range of the Re
*
, this is merely rather a guess. Later, researchers as Neill [130] 

and Gessler [131] gives lower value for the dimensionless critical bed shear stress in this 

range, namely 0.03, 0.046 and 0.03. Neill also stated that the fourth stage begins around Re
*
 ≈ 

500. Based on these, this range of the horizontal axis of the Shields diagram seems to be less 

reliable. Parker et al. [132] amended the Shields curve, which says that the original dimen-

sionless critical bed shear stress values obtained according to Browmlie [95] should be divid-

ed by 2, to be on the safe side of engineering purposes [19]. This statement underline that the 

Shields curve is less reliable when the Re
*
 is higher, so in case of hydraulic rough regime. 

As Shields has emphasizes, the curve was elaborated and validated for finer fractions 

with lower Re
*
 (< 500), rather for hydraulic smooth and transition regimes but not for rougher 

(Re
*
 > 500) cases. True, smoother regime is expected at sand bed, while gravel bed content 

results in usually rougher flow regime. That is, theoretically, the Shields curve can be used for 

coarser grains also, if the low 𝜏 does not result in hydraulic rough, but smooth or transition 

regime. And vice versa, high 𝜏 can cause hydraulic rough flow regime around a sand particle, 
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when the Shields curve cannot longer be used reliably. In Fig. 28, beside the Shields curve, 

measured data are plotted too. The points, which were collected by the investigation of sand 

motion (e.g. in case of the measurements of Casey, Kramer, U.S. WES. and Gilbert, [93]) take 

place before the fourth region, but none of them happen at larger Re
*
. These scatter underline 

the statement of Parker [88], accordingly, at higher Re
* 

(rough regime), the finer particles 

moves rather as suspended than bed load sediments. This also justify why the Shields curve is 

recommended to use for cases where lower Re
*
 occurs, but not for the hydraulic rougher re-

gime. 


