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1 Preliminaries, problem statement 

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 researchers developed empirical and semi-

empirical formulas for the approximation of the sediment transport and conditions. 

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) or 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 

computational capacity of computers gave a big boost to quantifying the sediment 

transport. The increasing computational capacity provided the treatment and 

development of 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. On the other hand, the evolution of the 

flow modeling resulted in an even more reliable description of the flow field, which 

finally improved the sediment transport calculation. Thus, the morphodinamic 

investigation of river sections characterized by simpler flow and sediment 

conditions (e.g. a straight river reach without any engineering structures and with 

uniform bed material) became more feasible. 

Despite these significant progresses, there is still no generally applicable 

method to describe the related combined morphodynamic processes. 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 defined 

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

armoring, or erosion and aggradation, etc...  

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

or gravel-bed (d50 > 2mm) streams. Most times the classification can be done 

obviously because the bed materials are less complex but has a dominant fraction. 
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However, there is relatively rare but considerable 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 spatially very 

varied bed content (coarse bed surface in the main stream and sand bed at the 

near-bank places). 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 applicability limits of one chosen sediment transport formula 

set back the accuracy of the numerical calculation. 

The laboratory experiments also offer an opportunity for sediment transport 

investigation. The essence of the procedure is that a phenomenon can be closely 

examined under sterile conditions in small-scale. So in 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 the 

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

morphological conditions can be catched. However, despite the most modern 

technologies, the devices still can indirectly measure the processes rather locally 

and at discrete times, but cannot explore the phenomenon in large-scale with 

smooth spatial and temporal resolution. 

Thus, each morphological investigation has its own benefits, but 

disadvantages also. There are river sections, where the topography, the bed 

content and the sediment features are so complex and varied that their 

morphodinamic investigation cannot be performed accurately by the available 

tools. Mainly because of such cases, the improvement of the riverine sediment 

transport investigation methods is still of major interest to researchers. 

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

sources to estuary and engineering structures were constructed along the rivers. 

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 free flowing. However, the river is regulated with 

conventional structures, such as groins and the banks are protected 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 problematic when the hydropower plant at Gabcikovo, Slovakia had 

been constructed 8km upstream 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. The human measures caused 

major changes in the morphological processes, which resulted in several effects, 

e.g. significant bed level incision and gravel bar formation in the main channel. 

Apparently, these bed formation processes related to the morphological changes 

require the knowledge of both the local and larger scale morphological processes. 
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Fig. 1 The positions of the Vének upper and lower gravel bars and of the Vének side branch. 

The indicated processes caused by the varying flow and morphodynamic 

conditions, clearly underline the major role of manmade effects on the river 

morphodynamics. However, many studies suggest that the current trends of 

morphological changes are going to approach a new dynamic equilibrium state, 

reaching a relatively 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) 

is not obvious, but vital. 

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. Accordingly, in this doctoral research, the 

main goal was to improve the investigation tools of morphological processes, 

focusing on the numerical modeling. The performed examination methods are 

presented and validated by sample tasks of a problematic and complex 

morphodynamic study reach in the Hungarian Danube. 

2 Objectives, methods 

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

elaborate a novel sediment transport calculation method, which contributes to 

solve morphodynamic issues such as the case of a problematic Danube reach. 

The morphological researches can be divided into three main tools: (i) field 

measurements, (ii) laboratory experiments and (iii) numerical modeling. With the 
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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. The objectives of the doctoral research were described 

accordingly: 

 Problem statement, through the presentation of a problematic Danube reach. 

Carry out field measurement based morphological investigation. Sum up the 

morphological related conclusions and also the remaining questions. Justify the 

application of the numerical modeling tool. 

 Carry out laboratory measurements in order to gain additional knowledge 

about the complex morphological phenomena in a smaller scale and in a more simplified 

way. The other objective of the laboratory experiments is to collect reliable and 

purposeful data for validation of sediment transport model. 

 Review the sediment transport calculation related possibilities. Accordingly, 

improve the numerical modeling tool by the elaboration of a novel sediment 

transport calculation method.  

 Develop a sediment transport classification method which is necessary to 

describe the applicability of the sediment transport formulas and also to 

manage the combining of the formulas. 

 The validation of the novel sediment transport calculation method against 

laboratory and field measurements is required. 

 Finally, demonstrate the morphodynamic results calculated by the novel 

method. 

3 New scientific results 

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 assessment of the bed changes, 

however, no prediction on future spatial and temporal behavior 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. 



5 

 

 
Fig. 2  Spatial distribution of d90 characteristic grain sizes of the bed material samples. 

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 topography survey, bed load measurement, acoustic flow 

measurements, bed material sampling 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. 

Based on laboratory experiments and field measurements I demonstrated 

that instead of the explicit particle Reynolds number (Rep), or the application of 

characteristic grain sizes, e.g. d50, d90, the shear Reynolds number (Re*) is a more 

adequate parameter 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 

expected. [7] 
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Fig. 3 The corresponding bed shear stress values as the function of the d50 grain sizes. 

3. Thesis 
Improvement of sediment transport modeling of channels with non-uniform 

bed material 

Sediment transport formulas are generally developed and validated for 

specific morphodynamic conditions, e.g. uniform flow and uniform bed material 

content, and are not suitable 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, developed 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. 
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Fig. 4 Calculated bed changes by vR formula. 

 
Fig. 5 Calculated bed changes by the d90 based combined method. 

 

Fig. 6 Calculated bed changes by the Re* based novel combining method. 



8 

 

  
Sediment transport 

model 

Measured W&C Combined 

0.39 0.09 0.54 

1. Table Model validation against 

laboratory experiment: The VSh/Vtot 

values, where VSh is the volume of 

the shifted and Vtot is the total 

volume of the total deposition 

amount 

 

    Sediment transport model 

    van Rijn W&C d90 based Re* based 

∆
V

 /
 d

ay
 

Dep. 48.71 4.90 0.07 3.45 

Eros. 7.19 0 0.04 0.57 

2. Table Model validation against field experiment: 

The ∆Vc/∆Vm values, where ∆V is the average daily 

volume changes. ∆Vc is derived from the model 

results, while ∆Vm estimated from the bed level 

measurements 

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 developed 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] 

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 average daily bed changes could be prepared for 

different flow discharge ranges. 

Targeted analysis of the spatial and temporal morphological changes 

contributed to the better understanding 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 result 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. 
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 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 

sediment transport modeling method in a large river, with complex flow- and 

morphological features and non-uniform bed material composition. The 

developed numerical tool is proven to be a suitable investigation methodology 

for the analysis of future restoration measures, as local- and reach-scale 

morphodynamic processes, moreover, the interaction-mechanism between the 

two scales can be revealed. [8,9] 

 
Fig. 7 The corresponding flow discharge and calculated bed shear stress values. Characteristic 

water discharges are Qm = 2000 m3/s (mean flow), Qbf = 4300 – 4500 m3/s (range of bankfull 

discharge within the reach) Q2 = 5950 m3/s, Q10 = 7950 m3/s and Q100 = 10400 m3/s (2-, 10- and 

100-year flood event). 
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