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Abstract. Natural levees can be observed worldwide in nearly all river 

systems characterized by frequent flooding in combination with the 

transport of suspended bed material. Several parameters and processes 

have been suggested to explain the formation and the highly variable 

geometry of natural levees. However, the effect of bedforms migrating in 

the main-channel has not been amongst the studied parameters and 

processes. To fill this gap, this study investigates the relationship between 

bedforms and natural levee formation by flume experiments. Experiments 

were conducted in a 2 m wide and 30 m long sediment recirculating flume, 

monitoring the bed level elevation in the main channel by ultrasonic 

sensors as well as recording the levee development on the floodplain by a 

camera. The effect of different bed configurations on the developed levees 

is compared, and discussed, showing that bedforms could enhance levee 

formation. 

1. Introduction

Natural levees are narrow elevated sediment deposits along the floodplain edge of 

compound channels. They have been found in natural streams worldwide and can be 

observed in nearly all river systems which are characterized by frequent flooding in 

combination with transport of suspended bed material [1, 2]. Natural levees are formed by 

suspended sediment which is transported from the main channel onto the floodplain edges; 

i.e. overbank flow is a prerequisite for the formation of natural levees and these 

morphological structures grow gradually with every flood event overtopping the levee 

crests.  

Natural levees have been described in many field studies (e.g. [3, 4, 5, 6,]), and different 

processes have been suggested to explain their formation and highly varying geometry. For 

example [7] related the diversity in levee geometry to different mechanisms of lateral 

sediment transfer. They suggested that levees generated by turbulent shear between the 

main channel and floodplain exhibit a narrow and steep geometry while levees resulting 

from advective transport, caused by differences in the water surface elevation between the 

main channel and floodplain, tend to be wider and less steep. Other studies (e.g. [8]) 

revealed a strong relation between overbank sediment transfer and the water depth ratio 

between the main channel and the floodplain. Although these studies helped to identify the 
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basic processes leading to the formation of natural levees, a detailed understanding of the 

relevant processes is still lacking.  

In this context, previous studies focusing on levee formation in laboratory experiments 

[11, 12, 13] have not looked at the influence of the main channel bed configuration on levee 

formation. Especially bedforms such as dunes can be important as they may enhance the 

suspension of sediment above their crest (e.g. [9, 10]) so that larger concentrations of bed 

sediment at high levels of the water column may be expected. Such larger sediment 

concentrations can lead to an increased transport of bed sediment onto the floodplain which 

in turn can favour levee formation.  

This paper examines the relationship between bedforms and natural levee formation. 

Preliminary results of flume experiments are presented in which natural levees have been 

successfully reproduced with and without bedforms in the main channel. The effect of 

different bed configurations on levee characteristics is investigated and conclusions are 

drawn regarding the effect of bedforms on levee formation.  

2. Experimental setup

Experiments were conducted in a 2 m wide and 30 m long, tiltable sediment recirculating 

flume in the hydraulic laboratory of the Leichtweiß-Institut für Wasserbau at the 

Technische Universität Braunschweig, Germany. A 20 m long test section was built in the 

flume starting at a distance of 4 m from the flume inlet (Fig. 1). The test section consisted 

of a half trapezoidal compound channel which had a floodplain width of 130 cm and a bed 

width of 60 cm. The slope of the main channel bank was 1:1 resulting in bank height of 

10 cm and a bankfull half-channel width of 70 cm. The main channel bed was constructed 

from film faced plywood plates to which a single layer of fixed polystyrene granulate 

grains were glued as roughness elements (d = 2.06 mm; see below). Artificial grass with a 

height of 3 cm was used to simulate roughness on both the bank and the floodplain. The 

coordinate system was defined as shown in Fig 1 and 2, with the x-axis in flow direction, y 

being the lateral direction and z pointing upwards, with its origin on top of the fixed main 

channel bed.  

Fig. 1. Schematic plan view of the flume set up (flow direction right to left) 

The channel was separated into two parts in the 4 m long section spanning the distance 

from the flume inlet to the beginning of the test section. This separation allowed for the 

control of the discharge distribution between the main channel and floodplain by means of 

a built-in sluice gate (Fig. 1). The purpose of this setup was to impede advective flow 

between the channel sections and shorten the development length of the shear layer [14]. 

Polystyrene granulate was used as surrogate sediment to accelerate morphodynamical 

development. The polystyrene grains were of cylindrical shape, had a diameter of 2.06 mm, 

a solid density of ρS = 1058 kg/m³, and their critical velocity for initiation of motion 
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The channel was separated into two parts in the 4 m long section spanning the distance 

from the flume inlet to the beginning of the test section. This separation allowed for the 

control of the discharge distribution between the main channel and floodplain by means of 

a built-in sluice gate (Fig. 1). The purpose of this setup was to impede advective flow 

between the channel sections and shorten the development length of the shear layer [14]. 

Polystyrene granulate was used as surrogate sediment to accelerate morphodynamical 

development. The polystyrene grains were of cylindrical shape, had a diameter of 2.06 mm, 

a solid density of ρS = 1058 kg/m³, and their critical velocity for initiation of motion 

corresponded to ucrit = 9.5 cm/s [15]. During the experiment the sediment was constantly 

recirculated using a sediment recirculation circuit consisting of a funnel-shaped sediment 

collection tank at the end of the flume, a return pipe, and a sediment feeder upstream of the 

main channel (Fig.1).  

All experiments were carried out with a constant bed slope S = 0.0005, quasi uniform 

flow conditions and the same duration of 19.5 h. This duration was chosen based on 

findings from preliminary experiments which showed that the levee reached a nearly stable 

state after this time for the given boundary conditions. 

2.1.  Measurements 

The total discharge in the test section corresponded to the sum of the discharges supplied 

through the laboratory water circuit and the sediment recirculation circuit. Both discharges 

were measured with magnetic-inductive flow meters. The sediment transport rate in the 

flume was continuously monitored during the experimental runs within the return pipe of 

the sediment recirculation system. The corresponding transport rates were determined by 

relating turbidity measurements obtained by a Negele four-beam turbidity meter to 

sediment concentration using specific calibration curves. 

Mean surface flow velocities in the main channel and floodplain were estimated by 

tracking floats over a given distance and measuring their travel-time with a chronometer. 

The surface velocities reported below represent the average of 3 measurements. Water 

levels were manually measured every two meters with a point gauge mounted on a manual 

traverse. Bed levels in the main channel were continuously recorded with 16 ultrasonic 

sensors (SeaTek 5 MHz Ultrasonic Ranging System) in two cross-sections located at 

distances of x = 17 m and x = 17.81 m from the flume inlet (see Figs. 1 and 2). In each 

cross section, 8 sensors were mounted with a spacing of 8 cm (as shown in Fig. 2). Each 

recorded value consisted of an average of 10 readings to minimize distortions by suspended 

sediment. The corresponding recording interval was 0.35 s (2.9 Hz). For data analysis the 

bed elevation data had to be further smoothed to reduce noise introduced into the signals by 

suspended particles. For this purpose, a moving average over 50 measuring points was 

applied.  

 

 

Fig. 2. Lateral positioning of ultrasonic sensors in the main channel cross section. 

The levee development was monitored with plan view photos which were automatically 

taken each 5 s by a camera covering the region between the bed level monitoring cross-

sections. After each experiment the final levee configuration was documented and recorded 

along the entire flume with photos, manual measurements of levee geometry with a point 

gauge, and a laser displacement meter attached to a traverse system. The material forming 

the levee deposits was collected in 60 cm long sections over the flume length and weighed 

to determine the mass of deposited sediment.  
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2.2. Experimental program 

Five experiments were conducted to investigate the impact of bedform configuration on the 

formation of natural levees. Each experiment was controlled by the total amount of light-

weight material in the flume, so that differences in the amount of sediment in the main 

channel at the beginning of the experiments led to different sediment transport rates and 

bedform characteristics. All experiments were conducted under supply limited conditions in 

order to ensure that the material was in movement all along the entire channel, and that the 

slope of the average longitudinal profile was approximately the same between runs with 

different amounts of sediment.  

Bedforms were present in 3 of the 5 runs. The two runs without bedforms served as 

control runs to identify the impact of bedforms. For these two runs the water discharge was 

increased to impede the formation of bedforms in the main channel, with most of the 

lightweight sediment being transported in suspension. This resulted in sediment transport 

rates of the same magnitude as in the experiments with bedforms. Water stages in the main 

channel and the floodplain were kept almost constant between the 5 experimental runs, with 

values of 16±0.5 and 5.6±0.5 cm, respectively. Before starting an experiment, the bed in the 

main channel was screeded while filling the flume with water, and the artificial grass was 

brushed to assure comparable starting conditions. Table 1 summarizes the experimental 

runs providing information on hydraulic boundary conditions.  

Table 1. Conducted experimental runs with qSed as sediment transport rate, Q the total water 

discharge, hf and hmc the water level on the floodplain and in the main channel, and umc and uf 

describing the mean surface velocity in the main channel and on the floodplain, respectively. 

Run 

No. 
Bed forms qSed Q hf/hmc umc/ucrit umc/uf 

  
[g/(s m)] [l/s] [-] [-] [-] 

1 with 24.5 22 0.40 2.70 2.6 

2 with 40.4 22 0.43 2.9 2.8 

3 with 57.2 22 0.45 3.1 2.7 

4 without 42.0 32 0.35 3.7 3.7 

5 without 54.7 32 0.36 4.1 3.7 

3. Results  

3.1. Bedform characteristics 

The standard deviation of the filtered data, for all the three experiments with bedforms, 

showed that the time required for achieving a full development of the bed configuration 

was always shorter than one hour. This period was not considered for further analysis.  
For the analysis, the height of individual bedforms was identified from the ultrasonic 

data by searching for peak elevations of more than 1 cm above the fixed bed level with the 

additional condition of a minimum temporal lag between two subsequent peaks of around 

30 s. The cumulative distribution of peak elevations from all sensors in the upstream cross-

sections is shown in Fig. 3. Assuming that the peak elevations can be used as a surrogate 

measure for the bed form heights, the figure shows that the median bedform heights were 

3.6, 5.0 and 5.5 cm, for runs 1, 2 and 3, respectively; this means that the median bedform 

height increased with sediment transport rate.  
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Fig. 3. Relative cumulative density function of bedform elevations 

3.2. Final levee geometry 

Figure 4 shows a plan view of the different levees formed in the five experimental runs. 

 

Fig. 4. Levees formed in the five experiments (line marks the edge of the floodplain) 

Table 2 summarises the observed maximum levee width, the levee mass, and the 

amount of transported sediment and shows that the deposition and levee formation was 

more pronounced during runs 2 and 3 compared to run 1. Both width and mass of the 

deposited levee material was highest for run 3, i.e., the run with the highest bedforms and 

lowest for run 1 (smallest bedforms). For the runs without bedforms (runs 4 and 5), the 

levee mass was of the same order of magnitude as for run 1, but the levee width was larger 

in runs 4 and 5 than in run 1. 

Table 2. Experimental results 

Run 

No. 
qSed 

Mean 

bed 

level 

Median 

bedform 

height 

Max.  

levee width 

ymax 

Levee 

mass 

tot. levee mass/ 

tot. transported 

sediment 

[-] 10-3 

 
[g/(s m)] [cm] [cm] [cm] [g/m] 

1 24.5 1.5 3.6 5.7 52.6 1.0 

2 40.4 2.4 5.0 16.8 446.5 5.2 

3 57.2 3.3 5.5 20.0 666.4 5.5 

4 42.0 0 0 11.1 56.4 0.6 

5 54.7 0 0 11.7 117.1 1.0 
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3.3. Levee development 

For runs with bedforms (runs 1 to 3), the temporal evolution of the levee formation was 

investigated by comparing the plan view greyscale photo-series. For this purpose, the 

contrast between the monochromatic (yellow) particles and the underlying artificial grass 

was analysed. This provided information on the lateral distribution and amount of the levee 

sediments for each time step. For a direct comparison between experimental runs it was 

assumed that the maximum area covered with particles at the end of the run is proportional 

to the measured average sediment mass per meter (see Fig. 5). This method assumes that 

the thickness of the sediment deposits was the same between runs, which was supported by 

the fact that the levee heights were always limited by the height of the artificial grass. The 

grass trapped particles, but particles deposited above the level of the grass were 

immediately remobilised and returned to the main channel (see [15]). 

 

Fig. 5. Temporal development of levee mass 

For runs 2 and 3, the temporal evolution of the levee mass was non-uniform (Fig. 5) and 

large sedimentation rates could be noticed in the early stages of the experiments. The 

comparison of the peak elevation distributions (Fig. 3) and the accumulation of sediment in 

the floodplain levee (Fig. 6) shows that the largest sedimentation rates were associated with 

the occurrence of single large bedforms being higher than the bedform height 

corresponding to 80% quartile of the cumulative bedform height distribution (Fig. 3). Even 

when the levee deposits increased regularly with time, single events associated with the 

passage of high bedforms could account for as much as 22% of the total accumulated levee 

sediment in run 2, and even 40% in run 3.  

 

Fig. 6. Sudden increase in levee development due to the passage of a single high bedform (Run 2) 
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4. Discussion 

Runs 2 and 3 were characterized by the largest amounts of levee deposits (see Fig. 4). 

Moreover, it can be inferred that the levee in run 3 (with the highest bedforms) would have 

further grown if the experimental time would have been extended, as a stable deposit was 

not reached when the experiment was stopped (see the trend in Fig. 5 for the last time 

stages of run 3). The mass of deposited sediment for runs 2 and 3 was 6 and 8 times larger 

than for runs 4 and 5, i.e. the runs which were characterized by similar transport rates but 

showed no bedforms. Normalizing the mass of levee sediment with the total mass of 

sediment transported (see the last column of Table 2), it was found that the percentage of 

deposited sediment was approx. five times larger for runs 2 and 3 compared to the other 

runs. This indicates that high bedforms contribute to levee formation.  

The sediment transport rates in the runs with and without bedforms were similar, but 

the flow velocities in the main channel were larger and more sediment was in suspension 

when bedforms were absent (runs 4 and 5). However, the amount of sediment transferred to 

the floodplain was larger for the runs with bedforms indicating that the occurrence of 

bedforms enhanced the lateral diversion of suspended material to the floodplain. For bed 

sediment being transferred to the floodplain, the particles need to be transported in 

suspension over the bank (or levee), i.e. the movement of the particles must also contain a 

lateral component directing them towards the floodplain. A large number of particles in 

suspension does not necessarily lead to the formation of a levee if the lateral component is 

absent. It can therefore be concluded that the bedforms in the experiments have not only 

contributed to an enhanced suspension of particles at high water levels, but also to direct 

them laterally.  

Figure 6 is a strong indicator for the relevance of the bedform-height to levee 

development. The bedform which contributed significantly to levee formation corresponded 

roughly to the 98% quartile of the distribution of bedform elevations (Fig. 3), and this 

single bedform accounted for 25% of the total amount of levee sediment for run 2. In 

Figure 6 it can be observed that close to the bank the bedform is slightly curved. Thus, it 

can be hypothesized that this curvature contributes to a lateral component of the movement 

of particles suspended from the stoss-side of the bedform. Nevertheless, a more detailed 

analysis is required to identify the role of single high bedforms and bedform three-

dimensionality on the lateral transfer of particles and levee formation. 

5. Conclusion 

- Experiments were performed to investigate the role of bedforms on natural levee 

formation 

- runs with high bedforms were much more efficient in directing sediment to the 

plain (resulting in levee formation), even when sediment in suspension was similar 

in runs with and without bedforms 

- the amount of sediment transferred to the plain is not necessarily correlated with 

the amount of sediment in suspension, so that the development of high bedforms 

enhances the lateral diversion of suspended material to the floodplain. 

- when bedforms were present the mean bed level was higher. This and the periodic 

increase of bed level as the bedforms migrate contribute to deliver particles to high 

levels along the water column. 

- The role of the bedform three-dimensionality and of single extreme high bedforms 

still needs to be studied in more detail. Also, the effect of bedforms on the 

geometry of the levee requires deeper analysis. 
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