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Abstract

:

River courses are rarely straight. Rather, they tend to be meandering. Incision meandering is one of the most common types of meandering discussed in river engineering. The availability of abrasive tools, coverage thickness, appropriate flow velocity, channel geometry, and flow level play a role in the natural phenomenon of bedrock incisions. Any minor change in those parameters, whether internal or external, can significantly impact the bedrock incision. The purpose of this study is to experimentally investigate the bedrock incision under sediment bedload transport along curved channels by varying flow speed with the other parameters kept constant. In this study, a bedrock incision was simulated in an annular flume. Two cases were considered, each with different rotation speeds of the cover lid, using plaster as the bedrock and sediment incision tools. In both cases, sediment motion was the bedload transport. It was found that the sediment deposited along the inner wall differed according to the rotation speed. A uniform transverse slope was found for a rotation speed of 48 RPM and moving bedforms were found for a rotation speed of 40 RPM. The bedrock incision resulted in the formation of the inner channel along the centerline of the flume, which grew more quickly toward the inner wall under the bedforms than under the uniform transverse slope. These findings suggest that the type of bedform has a more significant impact on bedrock incisions than rotation speed.
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1. Introduction


Natural mechanisms for river path changes include alluvial and incision meandering. The former is mainly the result of bank erosion on an alluvial plain, while the latter occurs when a bedrock incision occurs [1]. The floodplains of meandering rivers are usually well-vegetated and rich in fine sediment. The combination of vegetation and fine sediment slows down the erosion and the lateral expansion of the river [2], with a positive impact on the aquaculture of the river system [3]. However, discussions on river incisions tend to be limited to their contribution to the landscape evolution [4,5]. Bedrock incisions were first discussed from an engineering perspective at the end of the nineteenth century, with arguments about their dynamics at the time [6,7]. Incision is commonly active on the bedrock, and it plays an essential role in landscape evolution.



The main parameters influencing bedrock incisions, according to previous studies, are sediment distribution, channel width, and flow fluctuation [8]. Sklar and Dietrich [9] suggested that bedrock incisions occur at the optimal bed coverage and shear stress. On the other hand, Zhang et al. [10] proposed a model considering the local bed state by integrating the bed cover fraction and the ratio of alluvial thickness to bedrock macro-roughness. These two models assume that the bedload transport of the sediment and the sediment grain saltation on the bedrock is the origin of the incision. While these interpretations are widely accepted, few studies have examined the factors that influence bedrock incisions in curved channels. The generation of spiral flow, as seen in Figure 1, and the redistribution of bed shear stress are the main features of flow dynamics in curved channels (e.g., [11]). They are found to impact the shape of the bed topography pattern in a movable-bed channel [12,13,14].



In earlier studies on the effect on the hydrodynamics of curved channels, an annular flume has been widely adopted in laboratory experiments. An annular flume has been shown to allow a continuous spiral flow to be generated similar to that in curved channels during the necessary timespan (e.g., [15,16,17,18,19]). Also, to control the spiral flow, the rotation of the cover lid of the annular flume is varied, and the other parameters are maintained at constant values (water depth and sediment amount, and caliber), e.g., [10,16,17].



In an annular flume, the flow velocity components (tangential and radial) and the bed shear stress increase with the top lid rotation speed (e.g., [16,18]). The tangential flow velocity increases from the inner wall towards the outer wall. Simultaneously, this spiral flow drags the sediment towards the inner bank and forms the transverse slope (e.g., [20,21,22,23]). The radial flow velocity has been shown to vary by between 20 and 50% of the tangential flow velocity near the bed [18]. When the spiral flow varies in space and time, the bed topography also fluctuates (e.g., [16,24,25,26]). It has also been reported that any variation of the channel morphology, bed state, and flow dynamics significantly affect the spiral flow characteristics (e.g., [10,16]). On the other hand, it has also been reported that the bed shear stress rises from the inner wall to the outer wall, except at the regions near the walls: right after the beginning of the cover lid rotation, the minimal second flow criteria are met, and the sediment is deposited along the inner wall, forming a uniform transverse slope which gradually turns into regular deposition patterns (e.g., [12,16,24,26]). Taguchi et al. [27,28] discovered a limited incised area experimentally and concluded that the erosion mainly occurs under the moderately covered bed, namely at the base of the transverse slope. They also suggested the alternance of the covered and exposed bed status as one more reason for the erosion. Their results were obtained with a constant cover lid rotation speed of 40 RPM, and mortar simulated the bedrock. It should be noted, however, that the erosion reported by Taguchi et al. [28] was likely only a small part of the erosion inside the annular flume. No analysis of the advanced state of the erosions that they found was included in their study.



In this investigation, we explore bedrock incisions experimentally along uniformly curved channels in the annular flume in a manner similar to that used by Taguchi et al. [27,28]. In our study, however, we use the plaster model of the bedrock for simulation purposes and we use different rotation speeds of the cover lid. The objectives of this investigation are to determine the precise locations of the occurrence of incisions along the uniformly curved channel, and the mechanism of the erosion in terms of space and in time and how that affects the sediment deposition patterns.




2. Materials and Methods


We conducted two experiments with different cover lid rotation speeds: 40 RPM and 48 RPM, which will be referred to as Case 1 and Case 2, respectively, in this paper.



2.1. Annular Flume


We conducted the experiments in an annular flume made of plexiglass, as seen in Figure 2. Figure 3 shows the schematic diagram of the annular flume. It has a rectangular cross-section with a width B = 100 mm, and a maximum depth Hmax = 180 mm, and a radius at the centerline of Rc = 450 mm. We adjusted the cover lid to have h = 50 mm of the water column. The rotation of the cover lid, placed on the water column, permitted the flow to generate inside the flume.




2.2. Bed Materials


We used plaster, a mixture of gypsum and water, as bedrock. We used the HS-650® gypsum provided by Noritake Co., Ltd., Nagoya, Japan. [29]. After the mixing process, the plaster was poured into the flume and was left for 12 h, then the excess water was pumped out, and the plaster was left to cure for 24 h. The amount of plaster used in our studies was such that it reached a thickness d = 60 mm. Plaster was used because it is easier and faster to prepare than mortar [27,28,30,31]. In addition, plaster has a lower resistance against erosion [32]. For Case 1 and Case 2, the plaster mixtures were 1:2 and 1:2.5 by weight of gypsum and water, respectively. It means that the bedrock in Case 2 was slightly softer than in Case 1. Regardless, the bedrock preparation was identical for both cases.



As sediment, 2.5 kg of sand was used. It is a natural sand (No. 5® provided by Tohoku Keisya Co., Ltd.) and it has a diameter D50 = 0.45 mm with a density of ρs = 2.61 g/cm3. Its grain-size distribution curve is presented in Figure A1, Appendix A [33]. The sand was painted red to contrast the bedrock with the sediment [27,28]. The sediment was dispersed on the bed surface before each start, as uniformly as possible. Water was then poured carefully into the flume to avoid the possibility of sediment disruption and any damage to the bed surface due to the water jet. For these reasons, the pouring flow was kept as low as possible, and the water was passed through a small-screen sponge. In our experiments, the water depth was 50 mm, and any excess water was removed for safety reasons.




2.3. Experimental Conditions and Data Acquisition


As previously stated, two experimental cases were conducted. In Case 1, the rotation speed was 40 RPM of top lid rotation, and in Case 2, it was 48 RPM. The studies by Taguchi et al. [27,28] were used as a guide for the speed in Case 1, and in Case 2 the aim was simply to investigate the higher rotation speed effects on the erosion. The amount of sediment remained constant throughout the experiments, and the sediment transport was kept to bedload transport, which was checked visually at the start of each experiment.



We ran the experiments within specified timesteps (Table 1). After each timestep, the bed surface topography was surveyed twice: first, the bed surface with the sediment coverage (WS) was surveyed, and then the bed surface without the sediment coverage (NS) was done.



We used laser scanning to measure the topography of the bed surface. However, the scanning equipment was different for the two cases: Case 1 used a Keyence CMOS Multi-Function Analog Laser Sensor, whereas Case 2 used an Artec EVA 3D scanner. The Sensor head IL-300 was utilized with the Keyence CMOS Multi-Function Analog Laser Sensor and was placed above the bed surface at a distance of 300 mm to provide the optimal precision of 0.5 mm [34]. Similar to the studies of Taguchi et al. [27,28], the bed surface was surveyed circumferentially at every 50 mm from the inner wall side. The 3D scanner Artec EVA of Artec 3D was operated at a 500–600 mm distance from the bed surface to provide better resolution. It has a resolution of up to 0.2 mm [35]. Contrary to the Keyence IL 300 Laser Sensor, the bed surface and the flume were surveyed and provided complete and continuous topography data.




2.4. Data Processing and Calculation


The measured data were in (x, y, z) format, representing the relative bed elevation of the bed surface in the cartesian coordinates system. It is then changed into a curvilinear coordinates system (s, n, z) for visual convenience. The tangential and radial coordinates (s, n) are respectively defined by the following:


n = R − Rc,



(1)






s = Rc × θ



(2)




where Rc is the radius at the centerline of the flume, which is 450 mm,   R =    x 2  +  y 2      is the radius, and θ = tan−1(y/x). Hence, s = [0, 900] π mm; and n = [–50, 50] mm. The negative values of n indicate the half side near the inner wall of the annular flume. In contrast, the positive ones represent the half near the outer wall, and 0 is the flume centerline. Note that −50 is located on the inner wall side, and 50 is located on the outer wall.



2.4.1. Transverse Slope


We generated cross-section profiles for each timestep from the bed surface topographical map. We measured the width and the depth of the inner channel along those sections, denoted as Be and He, respectively (Figure 4). Photos of the bed surface are presented in Figure 5. We also retrieved the profile data from the 18 transverse sections equidistant by 50 π mm (Figure 6). The average erosion rate (Em) is obtained by dividing the difference between the sequential bed surface and the original bed surface by the duration.




2.4.2. Sweep Width


The sweep width, denoted as W, was defined as the bedrock surface area inside which the transverse slope base undulates (Figure 4). This sweep width is also retrieved from these cross-section profiles. It is defined by the difference between the minimum and maximum radial coordinates of the transverse slope base on the bedrock surface.




2.4.3. Fraction of Exposed Bed


The fraction of the exposed bed, denoted as Po, was calculated by analyzing the topographical map of the bed surface. First, we generated the sediment thickness maps. Then the spatial analysis tools implemented in ArcGIS [36] were used to delineate and calculate the areas of the exposed bed (Ao) and the sediment coverage (Ac) (Figure 4). To differentiate the sediment coverage to the exposed bed, we applied a criteria value of 0.5 mm on the sediment thickness map, which is the diameter of the grain. Values below 0.5 mm were considered to represent the exposed bed, and higher values were considered sediment coverage. The following formula can be used to describe Po, according to the study of Sklar and Dietrich [9]:


Po = Ao/(Ao + Ac)



(3)










3. Results


The sediment deposition patterns with the corresponding transverse slope profiles and the evolution of the bedrock incision were determined for Case 1 and Case 2. Figure 5 shows two photos of the resultant bed configurations for Case 1. The sediment bed coverage constituting the bedforms (red-colored) was deposited along the inner wall, and the exposed bed (white-colored) along the vicinity of the outer wall could be observed (Figure 5, left). The bed incision resulted in the formation of an inner channel along the centerline of the flume. Moreover, light and linear scours were also noticed on the exposed bedrock (Figure 5, right).



Figure 6 shows the plan views of the bed topography for both cases, the sediment deposition patterns, and the bedrock surface erosion. The WS represents the bed surface with the sediment (Figure 6a–g), whereas NS indicates the bed surface after removing the sediment coverage. (Figure 6h–n) The timesteps 1, 4, and 6 are displayed to show the temporal evolution of the bed configurations. Timestep 8 of Case 2 is also presented here, indicating the result after slowing the rotation speed to 40 RPM (Figure 6g for WS and Figure 6h for NS). The plan view over the whole series of timesteps can be found in Appendix B and Appendix C (Figure A2, Figure A3, Figure A4 and Figure A5).



3.1. Sediment Deposition Patterns


The sediment transport inside the flume started soon after the experiment began. Initially, the sediment was dragged toward the inner wall due to the spiral flow and formed a uniform transverse slope along the inner wall. The uniform transverse slope was observed in Case 1 (Figure 6a), as well as in Case 2 (Figure 6d). It was found that the sediment generally covered half the flume width.



Gradually, the uniform transverse slope turned into migrating bedforms, depending on the in-flume conditions. For instance, the bedforms were observed throughout Case 1, their wavenumber increased, and their shape changed with time (Figure 6b,c). In Case 2, there was little evidence of bedforms and the sediment deposition along the inner wall side looked like a uniform transverse slope (Figure 6e,f). At the timesteps 2 and 3, twelve bedforms were observed (Table 1). There were also six bedforms at timestep 8, when the rotation speed was lowered to 40 RPM (Figure 6g).




3.2. Transverse Slopes and Sweep Width


Figure 7 shows the transverse slope profiles of the sediment coverage, which were presented in Figure 6. The transverse slope profiles over the whole series of timesteps can be found in Appendix D (Figure A6 and Figure A7). We measured the transverse slope angle (α) and the transverse slope base sweep width (W). These are reported in Table 1.



For both cases, the average transverse slope is similar, at between 23 and 24 degrees (Figure 7). In Case 2, less variation was found for the transverse slope angle α, between 20 and 27 degrees, except at timesteps 2, 3, and 8, where the fluctuation of the angle α became significant, namely between 12 and 38 degrees (Figure A7b,c,h). In contrast, in Case 1, the variation of the angle α was significant, from 8 to 61 degrees (Figure 7, right and Figure A6.



In addition, with the formation of the bedforms, the sweep width (W) became wider. As seen in Figure 5, Case 1 showed well-formed bedforms (long wavelength), and W became wider than 25 mm (Table 1). In contrast, when the bedforms were poorly formed (short wavelength) or remained as a quasi-uniform transverse slope as in Case 2, W became narrower, at less than 25 mm (Figure 6d–f, Table 1).




3.3. Fraction of Exposed Bed (Po) and Average Erosion Rate (Em)


Figure 8a illustrates the plots of the fraction of exposed bed (Po) and the average erosion rate (Em) over time, revealing a close link between the two. A rise in Po was accompanied by a rise in Em.



In both Case 1 and Case 2, around 45% of the bed surface is exposed at first. Then, until T = 6 h, Em and Po grew and achieved local maxima. Following that, Em and Po in Case 1 increased, reaching 1.78 × 103 mm3/h and 56%, respectively, by the end of the experiment T = 48 h. In contrast, in Case 2, Em and Po decreased and stabilized at 4.8 × 103 mm3/h and 47%, respectively. Particularly in Case 2, Po increased and reached 52%, leading to a slight increase of Em by the end of the experiment when the rotation speed was reduced to 40 RPM.




3.4. Bedrock Erosion


As was explained, the water and sediment depth in Case 1 and Case 2 was identical, and the only difference was the cover lid rotation speed, at 40 RPM in Case 1 and 48 RPM in Case 2. This made it possible to investigate the effect of rotation speed on abrasion erosion on the bedrock surface by comparing the two cases.



First, the erosion in Case 2 was less than half that of Case 1. In fact, at the end of timestep 6, the total volume of erosion in Case 1 was 800,000 mm3, whereas it was only 300,000 mm3 in Case 2 (Figure 8b). In general, the erosion graphs grew quickly from the start until T = 6 h, and gradually increased afterward. However, a sudden rise in the erosion appeared at T = 24 h in Case 1, and at T = 84 h in Case 2.



Second, the lateral expansion of the inner channel was faster than the vertical expansion. The increase in width (Be) was more significant than the increase in depth (He) throughout the experiments in both cases. At the end of the experiments, Be was 35 and 22 mm in Cases 1 and 2, respectively, while He was 18 and 8 mm, respectively (Figure 8b).



The plan views of the bedrock surfaces are displayed in Figure 6, and the corresponding profile sections are presented in Figure 7 as NS. Growth in the inner channel, considered primary erosion, was observed along the boundary between the bed coverage and the exposed bed, inside the sweep width (W) area. This boundary is indicated by the light-green curve in Figure 6.



Finally, Case 1 had clearly obtained a much more advanced stage of inner channel compared to Case 2. The bedrock was vertically incised first, then downcut toward the inner wall (Figure 9a). The vertical incision was observed until T = 12 h in Case 1, while in Case 2 (Figure 9b), it was observed until T = 84 h. In Case 1, the incision toward the inner wall was clearly visible from T = 12 h.





4. Discussion


The results reveal the mechanism involved at the onset of the erosion. Also, the spatiotemporal evolution of the inner channel and the sediment deposition pattern found during the experiments allow us to determine how erosion evolves in space and time.



4.1. The Location of Erosion


The formation of the inner channel was along the boundary between the bed coverage with sediment and the exposed bedrock. This boundary is located around the channel centerline. Furthermore, if looking into the transverse slope, this boundary was at the base of the transverse slope, where the sediment coverage is relatively thin. A close observation of the incision of the bedrock surface at the end of timestep 2 reveals that the bedrock was downcut vertically (Figure 7).



While it was not possible to accurately determine the thickness of sediment coverage under which the bed incision occurs, we could graphically estimate that it required about 10 mm in the experimental conditions employed in this study, or approximately 20 times the sediment grain size. It should be noted, however, that this estimation was deduced from the transverse slope at the end of each timestep, meaning that it was at its angle of repose. This suggests that the thickness of the deposit was less than 10 mm in our study.



Under that thickness, the sediment grains can saltate, hit, and wear the bedrock surface. When the coverage exceeds that boundary, no erosion occurs because the motion of the sediment grains cannot reach the bed surface and can be considered a fully covered bed. According to previous researchers, that boundary is the place of “tradeoff between the availability of abrasive tools and the partial alluviation of the bedrock” [9] or the toe of the alluvial bedforms [12] or the portion moderately covered with sediment [27,28]. In sum, the base of the transverse slope would be the only place where the sediment grains may collide with the bedrock surface [30].



Increased cover lid rotation speed, on the other hand, had no effect on location of erosion occurrence. That is, the boundary between the sediment coverage and the exposed bed was positioned at the same place across the flume width on both Case 1 and Case 2. This can likely be attributed to the mean transverse slope and the amount of sediment used, since they specify the position of the boundary between the sediment coverage and the exposed bed, as well as the location of the incision. This is consistent with Engelund’s findings [21] that the mean transverse slope was almost independent of the top lid rotational speed as long as the sediment grains flowed as bedload. Taguchi et al. [28] also obtained similar results to the current study with the same amount and caliber of sediment. From these results it can be concluded that the border between the sediment-covered bed and the exposed bedrock where erosion occurs is essentially the same regardless of how fast the cover lid rotates.



We also observed linear scours on the exposed bed surface even though erosion should not have happened on the exposed bed based on the abrasion models. These scours, we believe, were the consequence of interaction between sediment grains and flow directly on the bedrock surface, with the fine structure of the gypsum powder in the plaster allowing this interaction engraved on the bed surface (Figure 5, right). If this is the case, these linear scours should be investigated further for a greater understanding of flow dynamics at the bedrock-fluid interface.




4.2. Spatiotemporal Evolution of the Bedrock Incision and the Inner Channel


4.2.1. The Bedrock Incision


It was found that the rate and spatial extension of the bedrock incision are inversely proportional to the cover lid rotation speed. That is, a faster rotation speed is associated with less erosion. This is due to the sediment deposition patterns imposed by the flow conditions. With a higher rotation speed (48 RPM in Case 2), uniform transverse slope formed, and the incision occurred only along its base. With a slower rotation speed (40 RPM in Case 1), migrating bedforms formed, leading to an increase in the bed area subjected to erosion, which can be attributed to the undulations of the bedform boundary (Figure 6 and Figure 7). Also, when reducing the rotation speed from 48 to 40 RPM (Case 2, timestep 8), the bedforms reappeared (Figure 6g), resulting in a greater erosion rate at the end of the experiment in Case 2 (Figure 8a).



The bedforms vary with rotation speed because the speed influences the secondary flow (e.g., [16,24]), and with time as the bedforms fluctuate and stabilize at a “mature” stage (e.g., [21,24,26]).



In addition, when the undulating bedforms are formed, their migration allows for the alternation of “covered” and “exposed” bedrock surfaces, a phenomenon known as runaway alluviation [37]. This runaway alluviation combined with the saltation of the sediment grains and the undulation of the boundary explains the higher erosion in Case 1 than in Case 2. In the latter, no runaway alluviation was observed. Our results provided one quantitative example of runaway alluviation to add to the results obtained in previous studies (e.g., [8,20,21,31]).




4.2.2. The Inner Channel


Initially, the incision vertically downcut the bedrock, slightly shifting toward the outer wall (Figure 9). This vertical incision occurred at the center of the sweep width (W), or right under the boundary of sediment coverage and the exposed bed, because this location had a high probability and high frequency of erosion. This high probability of erosion was due to the primary conditions of incision and high frequency due to its position inside the sweep width.



The advanced state of the incision shows that it gradually downcut towards the inner wall (Figure 9a). This shift resulted from the alternating lateral shift toward the inner wall and the downward incision on the bedrock surface. Because no extra sediment was supplied, the bedrock near the outside wall was left exposed. Because the sediment was only available along the inner wall side due to the spiral flow, it is evident that the conditions for maximum incision also move towards the inner wall. As a matter of fact, the height of the bedform gradually decreased with the growth of the inner wall, suggesting that the incision would erode the bedrock along the inner channel at some point.



This incision toward the inner wall is consistent with the results reported by Fernández et al. [12] using a meandering channel of highly fixed sinuosity in the absence of sediment supply. Shepherd [31] also discovered similar findings in his experiment along the manually excavated sinuous channel and reported that the erosion went toward the inside of the bend until the gradient and the velocity dropped, allowing the sediment to deposit, and thereafter the erosion process inverted toward the outer wall.



However, this was not reported by Taguchi et al. [27,28] in their experiment. This may be explained by the geometry of the inner channel. In this study, the simulated bedrock, made of plaster, provided faster erosion. For instance, at T = 24 h, the inner channel size was larger in plaster than in mortar (Figure 9a). The flow dynamics combined with this growth of the inner channel and the sediment transport inside the flume likely explain the actual result.



In our study, there was no sediment supply, and the rotation speed was maintained at a constant so that the erosion would continue toward the inner wall. However, further investigation is required to determine the progress of the inner channel.





4.3. Deposition Pattern


Along uniformly curved channels, the bedforms depend on the rotation speed, time, and development of the inner channel resulting from the bedrock incision.



First, the averaged transverse slope angle for both cases was similar, at about 23 degrees, throughout the timesteps (Figure 7). This averaged angle represents the angle of the mean bedforms and was found to be independent of the rotation speed in case of sediment bedload transport [24]. However, the difference in the slope angles in Case 1 and Case 2 may be related to the timing of the measurements and the rotation speed. The slightly higher transverse slope angle and height in Case 2 than those in Case 1 can likely be attributed to the faster rotation speed of Case 2 [24]. However, we should keep in mind that because these measurements were made after the experiments were stopped, the obtained values may be underestimated.



Second, while the secondary flow increases when the rotation speed is high, the spiral flow wavelength, as well as the wavelength of the bedforms decreases. Case 2, at 48 RPM, for example, had poorly formed bedforms that were hardly discernible (Figure 6). When the rotation speed was increased, Engelund [21] discovered a similar result, and attributed it to the reformation of the uniform transverse slope. Inversely, with a slower rotation speed, the secondary flow decreases, and the effects of the spiral flow on the bedforms could be well observed, as we could witness the well-formed bedforms in Case 1 at 40 RPM. After timestep 2, for example, there were 5 and 12 bedforms in Case 1 and Case 2, respectively. This is consistent with the results reported by Baar et al. [24] and Kikkawa et al. [23] when observing the effect of the variation of the secondary flow intensity on the bed morphology.



Third, the number of bedforms increases with the growth of the inner channel. When the rotation was lowered from 48 to 40 RPM, as in Case 2 timestep 8, the bedforms reappeared, with a total of 6 bedforms (Figure 6g). However, for the same 12 h of experimentation in timestep 4 in Case 1, there were 8 bedforms (Table 1). This discrepancy could be attributed to the difference in the dimension of the inner channel, which is more significant in Case 1 than in Case 2 (Figure 9). A larger inner channel was associated with an increase in the number of bedforms from 5 to 9, as seen in Case 1 (Figure 6).



Finally, another feature revealed by the experimental results is the reformation of the uniform transverse slope over a longer experiment run, as indicated in Case 2 (Figure 6). The bedforms gradually faded away as the rotation speed increased, restoring the uniform transverse slope. The gradual convergence of the sediment surface towards the uniform transverse slope can be seen in the section profiles (Figure 7). However, these results do not agree with the results reported by Engelund [21] and Taguchi et al. [27]. They claimed that the number of bedforms first increased and then decreased in number as the experiment progressed. In Engelund’s experiment, the erosion was not part of the study, whereas in Taguchi et al.’s experiment, the erosion was not significant compared to the erosion observed. Most likely, the development of the inner channel was the reason for this discrepancy (Case 1). While it remains unclear, it appears that the growth of the inner channel adds to the complexity of the flow dynamics. On the other hand, this discrepancy can also be the outcome of the bedforms splitting and merging processes in Case 2, leading to an equilibrium state at a mature stage of the experiment. This is a topic for further investigation.





5. Conclusions


Erosion by incision of the bedrock along uniformly curved channels was successfully simulated using the annular flume. Our study covered two experimental cases with different rotation speeds but the same sediment and water depth. The rotation speeds significantly impacted the sediment deposition and transport. The bed configurations measurements revealed the formation of the uniform transverse slope and bedforms, and an inner channel formed in the bedrock as the result of the incision. The sediment deposition was found along the inner wall, whereas the bedrock incision occurred around the centerline. Their evolution with time and space was found to be closely dependent.



The findings of this study reveal that while rotation speed does not significantly impact the transverse slope angle, it does condition the formation of bedforms. The initial uniform transverse slope gradually turns into bedforms. At 40 RPM, they are well formed, whereas at 48 RPM, the bedforms are poorly formed. In addition, it is possible that the bedforms would turn back into uniform transverse slope if the experiment had been continued for a longer period of time, which would have allowed the bedforms to split and to merge sufficiently.



The bedrock incision occurs mainly at the base of the transverse slope, and the growth of the inner channel depends on whether the bed deposition pattern constitutes uniform transverse slope or bedforms. The base of the transverse slope or the boundary of the exposed bed and the sediment coverage appear to be linear under the uniform transverse slope and undulating inside the sweep width when the bedforms form. The erosion is minimal when the transverse slope is uniform along the flume, leading to a vertical, shallow, and narrow channel. In contrast, the erosion is significant when there are bedforms: the spatiotemporal variation of the bedforms conditions the development of the inner channel. When there is no sediment supply, the inner channel progresses towards its convex side, leaving the concave side and the bedrock surface near the outer wall of the flume intact. The findings of this study reveal the need to focus our future research efforts on the sediment transport and deposition within the annular flume, and the effects of the inner channel on the flow dynamics and the sediment transport and deposition in an annular flume, as well as the translation of the findings to natural rivers.
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Figure A1. Grain—size distribution curve of the sand No.5® used during the experiments [33]. 






Figure A1. Grain—size distribution curve of the sand No.5® used during the experiments [33].
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Appendix B


Plan views of the bed configurations—sediment deposition patterns are presented in this appendix. The horizontal and vertical axes represent (s, n) the tangential and radial, respectively. The radial coordinate n = −50 indicates the inner wall side, whereas n = 50 indicates the outer wall one. The green curves indicate the boundary between the exposed bed and the sediment coverage, and the dashed lines represent the cross-sections for the profile data for all 18 cross-sections.
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Figure A2. Plan views of the bed configurations—sediment deposition patterns, Case 1 (40 RPM) for all the timesteps: (a) timestep 1 (T = 5 min), (b) timestep 2 (T = 3 h), (c) Timestep 3 (T = 6 h), (d) timestep 4 (T = 12 h), (e) timestep 5 (T = 24 h), and (f) timestep 6 (T = 48 h). 
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Figure A3. Plan views of the bed configurations—sediment deposition patterns, Case 2 (48 RPM) for all the timesteps: (a) timestep 1 (T = 5 min), (b) timestep 2 (T = 3 h), (c) timestep 3 (T = 6 h), (d) timestep 4 (T = 12 h), (e) timestep 5 (T = 24 h), (f) timestep 6 (T = 48 h), and (g) timestep 7 (T = 72 h); (h) timestep 8 (T = 84 h) but with 40 RPM. 
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Appendix C


Plan views of the bed configurations—The bedrock surfaces are displayed in this appendix. The horizontal and vertical axes represent (s, n) the tangential and radial, respectively. The radial coordinate n = −50 indicates the inner wall side, whereas n = 50 indicates the outer wall one. The green curves indicate the boundary between the exposed bed and the sediment coverage.
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Figure A4. Plan views of the bed configurations—Bedrock surface, Case 1 (40 RPM) for all the timesteps: (a) timestep 1 (T = 5 min), (b) timestep 2 (T = 3 h), (c) timestep 3 (T = 6 h), (d) timestep 4 (T = 12 h), (e) timestep 5 (T = 24 h), and (f) timestep 6 (T = 48 h). 
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Figure A5. Plan views of the bed configurations—Bedrock surface, Case 2 (48 RPM) for all the timesteps: (a) timestep 1 (T = 5 min), (b) timestep 2 (T = 3 h), (c) timestep 3 (T = 6 h), (d) timestep 4 (T = 12 h), (e) timestep 5 (T = 24 h), (f) timestep 6 (T = 48 h), and (g) timestep 7 (T = 72 h); (h) timestep 8 (T = 84 h) but with 40 RPM. 
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Appendix D


Transverse profile sections obtained for each timestep are plotted in this appendix. The horizontal and vertical axes represent (n, z) the radial and vertical coordinates, respectively. The radial coordinate n = −50 indicates the inner wall side, whereas n = 50 indicates the outer wall side. The black curves represent the average profile of the bedrock surface (NS), the red-colored curves are the average of the 18 profiles of the sediment coverage (WS, gray color).
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Figure A6. Transverse profile sections obtained for each timestep, Case 1 (40 RPM): (a) timestep 1 (T = 5 min), (b) timestep 2 (T = 3 h), (c) timestep 3 (T = 6 h), (d) timestep 4 (T = 12 h), (e) timestep 5 (T = 24 h), and (f) timestep 6 (T = 48 h). 
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Figure A7. Transverse profile sections obtained for each timestep, Case 2 (48 RPM): (a) timestep 1 (T = 5 min), (b) timestep 2 (T = 3 h), (c) timestep 3 (T = 6 h), (d) timestep 4 (T = 12 h), (e) timestep 5 (T = 24 h), (f) timestep 6 (T = 48 h), and (g) timestep 7 (T = 72 h); (h) timestep 8 (T = 84 h) but with 40 RPM. 
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Figure 1. Schematic diagram of the spiral flow along curved channels as the combination of the primary and the secondary flow, which corresponds to tangential and radial flow in an annular flume. 
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Figure 2. Photo of the annular flume with the white plaster. The flume is made of plexiglass, the cover lid of metal for better stability, and the plate in contact on the water surface is also made of plexiglass. 






Figure 2. Photo of the annular flume with the white plaster. The flume is made of plexiglass, the cover lid of metal for better stability, and the plate in contact on the water surface is also made of plexiglass.
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Figure 3. Schematic diagram of the cross section of the annular flume and the original bed configuration inside the flume channel. (a) electrical motor, (b) cover lid, (c) lever for the cover lid plate to obtain the desired water depth, (d) flume channel, (e) 50 mm of water depth, (f) 2.5 kg of sediment, (g) 6 cm of plaster, a mixture of gypsum powder and water. 
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Figure 4. Schematic diagrams of the bed configurations and parameters definition. The sediment coverage is colored in red; the bedrock is gray (left). The corresponding plan and section views are on the upper right and bottom right, respectively. 
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Figure 5. Photos of the bed configuration inside the flume—top view—Case 1 at the end of timestep 6. The white-colored area represents the exposed bed, the reddish part is the sediment coverage (left). The inner channel is visible after removing the sediment coverage, and linear scouring is visible under magnification (right). 
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Figure 6. Plan views of the bed configurations at the timesteps 1 (T = 5 min), 4 (T = 12 h), and 6 (T = 48 h). The horizontal and vertical axes represent (n, s) the radial and tangential coordinates, respectively. The radial coordinates n = −50 and 50 indicate the inner and outer wall sides, respectively. (a–c), and (d–f) represent the sediment deposition patterns in Case 1 and Case 2, respectively. (h–j), and (k–m) represent the evolution of the inner channel, the bedrock incision result in Case 1 and Case 2, respectively. (g,n) represent the bed configurations at the timestep 8 in Case 2, after lowering the rotation speed to 40 RPM. The green curves indicate the boundary between the exposed bed and the sediment coverage, and the dashed lines represent the transverse sections for the profiles data for all 18 cross-sections. 
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Figure 7. Transverse profile sections—Case 1 (left) and Case 2 (right). The horizontal and vertical axes represent the radial and vertical coordinates, respectively. The average of the bedrock surface profiles (NS, black color), the 18 profiles of the sediment coverage (WS, gray color), and their average (Avg. WS, red color) are indicated from top to bottom, at timesteps 1 (T = 0 h), 4 (T = 6 h), and 6 (T = 48 h) (a,c,e) for Case 1, and (b,d,f) for Case 2). 
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Figure 8. (a) Graphs of the mean erosion rate (Em, dashed lines, mm3/h) and the fraction of exposed bed (Po, solid line) for Case 1 (in red) and Case 2 (in blue). The horizontal axis is the cumulative time T (h); the vertical axes represent Po on the left and Em on the right; (b) Temporal evolution of the erosion for Case 1 (red) and Case 2 (blue) over cumulative time T (h). The vertical axis on the left represents the depth (He) and the width (Be) of the inner channel (mm), and the right axis represents the volume of erosion (mm3/h). 
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Figure 9. Circumferentially averaged bedrock surface profiles evolution with the cumulative time T, Case 1 (a) and Case 2 (b). The radial and vertical coordinates (n, z) are represented by the horizontal and vertical axes, as shown in Figure 7. The centerline of the flume is represented by n = 0, with negative values on the half side near the inner wall and positive values on the outer wall side. The measured mortar bedrock surface level by Taguchi et al. [28] at T = 24 h are plotted as blue crosses. 
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Table 1. Experimental conditions and resultant bed formation.
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Timestep

	
  ∆ t   1

	
T 2

	
Speed 3

	
 α  4

	
W 5

	
Bedforms, Number of Wavelengths (k)






	
Case 1

	
1

	
1/12

	
0

	
40

	
23–24

	
26

	
Uniform transform slope




	

	
2

	
3

	
3

	
40

	
8–37

	
41

	
5 bedforms




	

	
3

	
3

	
6

	
40

	
16–28

	
34

	
5 bedforms




	

	
4

	
6

	
12

	
40

	
15–38

	
37

	
6 bedforms




	

	
5

	
12

	
24

	
40

	
15–61

	
24

	
8 bedforms




	

	
6

	
24

	
48

	
40

	
18–55

	
33

	
9 bedforms




	
Case 2

	
1

	
1/12

	
0

	
48

	
20–30

	
20

	
Uniform transform slope




	

	
2

	
3

	
3

	
48

	
12–33

	
24

	
12 bedforms




	

	
3

	
3

	
6

	
48

	
15–31

	
22

	
12 bedforms




	

	
4

	
6

	
12

	
48

	
21–26

	
17

	
Uniform transform slope




	

	
5

	
12

	
24

	
48

	
20–26

	
17

	
Uniform transform slope




	

	
6

	
24

	
48

	
48

	
20–22

	
17

	
Uniform transform slope




	

	
7

	
24

	
72

	
48

	
20–27

	
18

	
Uniform transform slope




	

	
8

	
12

	
84

	
40

	
12–38

	
34

	
6 bedforms








1  ∆ t  : the timestep’s duration, in hours (h); 2 T: the cumulative time, in hours (h); 3 Speed: the annular flume top lid rotation speed, in rounds per minute (RPM); 4  α : the transverse slope angle, in degrees (°); 5 W: the transverse slope base sweep width, in millimeters (mm).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
s
5 2 g

R EEEE R E RN

2t

o
'l

=y

I I I R R Y | I R A R RN






media/file4.png
850

750

650

230

0 450
U
51 8 15

35

250

150

-———- Transverse sections

50

s (Tt mm)

WS -z (mm)
29

22

~~ Base of the Transverse Slope





media/file30.png
-«O-= Em Case 1
=-&= Em Case 2
- —+— PoCase

"0 | —p— Po Case2

4
-1.0 10

25010

0
0.010

(wg) 2jey uoIsory

Depth (He), Width (Be)

301

-
-
....
-
u

—+— Width Case 1
=w#= Depth Case 1
~#— Erosion Case 1
—— Width Case 2
==#-= Depth Case 2
—&— FErosion Case 2

1.010°
8010°
6010
4010°

22010

o0 60 70

0
0.010

uoIsoIq ‘[0A





media/file18.png





media/file21.jpg





media/file26.png
c
2 8 ~
o < R
S m § =
—_— SvS m m -
& 2 g Mo s 10 N o D =
s CSQ_uZZlSl_ =N oo o GYh =
N N
2
s 2R = Z | | | s
(e} O
V2 Lo
e’ O
o o
vy It
= W
Ivay Lo
o - O
o e
e P
= 3
=to
o o)
y mLp
=] )
5 5
—_—
o =~ o
-’
o (@)
e - 15
o
o)
- ©
-
(@)
L
L O
o)
—
cto

<h!)

50 0 50-90






media/file27.jpg
()

2 ()

n

1
)

PRI






media/file3.jpg
650 750 850

50 0 250 350 450 7 3
ect s (m mm)
SIS 7 (mm)
29






media/file22.png
Outer wall

Inner wall

Sy

OI

Outer wall

Ao

Inner wall





media/file19.jpg
|- | @





media/file7.jpg
b LD
(@)]
E—
(b)|
(<)
(d

e e e i e e
©

T e ) B8 A S e R 2]

)|

S0 150 250 30 450 B0 60 750 850
“~~ Base of the Transverse Slope NS NS - z(mm) (¥ mm)
7303 7 10





media/file28.png
Case 1 Case 2
40 40
301 301
20 20
g
8 10 104
N
0- 0
10- (a) 10 (b)
50 40 30 20 10 0 10 20 30 40 50 50 40 30 20 10 0 10 20 30 40 50
40 40
30 30
— 20_ 20_
g
E ) 101
N -*\_,.’——‘—_—\_\/‘
O- /—'_\’——\‘/—‘—‘———’~ 0-
10 (c) 10 (d)
50 -0 30 20 10 0 10 20 30 40 50 50 40 30 20 10 0 10 20 30 40 50
40 40
30 1S 301 WS
— Avg. WS — Avg. WS
2 20 —NS 201 —NS
E 10 101
N w‘\/——
0- 0
10- (e) 101 (f)
50 40 30 20 10 0 10 20 30 40 50 50 40 30 20 <10 0 10 20 30 40 50
n (mm) n (mm)






media/file10.png
ESO:—)Flow
E O_W
= -

_50- (a)
B
g O_NWMW
- -

_50- (b)
ESO: —r
g O_W
= -

_50- (c)
ESO:- T = -
E O_W
= —

_50- (d)
’550: -
E o-

= -

-50- )
Cd
[ ORE ST S MBI T & BRI
=04 (f)
~50-

g
g O_WWW
'50- (&)
~50- :
E O-W
=-50- | I ] I I 1 I | ] (h)
50 150 250 350 450 550 650 750 8(50
s (Tt mm)

~~~ Base of the transverse slope - ‘NS - z(mm)
730 3 7 10





media/file32.png
z (mm)

10

on
1

(a?

= NS_03h
— NS_06h
= NS_12h
— NS_24h
— NS _48h

+ Taguchi et al. (2018)-24h

z (mm)

()
n (mm)

10 20

10
51

: - NS_OSh

= NS 06h

5 = NS 12h

= NS 24h

10 — NS 48h

= NS 72h

(b) — NS_84h

-]:: T T T T T

S0 40 30 20 -10 () 10 20 30) 40
n (mm)






media/file14.png
[ (o) (=) -
) =) ) ‘ i
— — — S
(e = (e W (-
= < H ob <
2 =2
= = e =)
- — — -
[@\ (@ (@] (@]
(aw] (aw] L -]
i i i —
=
(a] Lo = o m
S
(e (a] (e =]
— — i —
1 1 1 1
(e} (e} (e ()
ah Al a N
(e (e} () ()
S =i S g%
Lo | (el Lo e
= = N Nl
(am] (am] - =
T T T T LY T LY T T T L T T LOY
- ] [ o ] ! o~ - = o (] e ! [ () o ja— [ o ! ja— [} o (e (e ja !
H cO [N — 4|_L ~+ () (N — i <t ch [aN] — — ~H cn (@] — —
= = = 2
= = = [
— — Ne— ~—
(e (e (e ]
H H <H H
(a] (] (e} ]
on on on cn
o = = =
(@] (@] (@] (@]
= (] () (=]
— — — —
&
- - ) - m
S’
(e (e (e ] n
— — — —
| | 1 1
e — o ]
() () (=) =
= (e (e |cmo)
i = = =
S | e [ =)
T T T T LO T T T T T LO T T T LO T T T T T LO
- e s = - ! - > - - o e ! oo | [ L Lo — ja— ! ja— Lo e | e (e i !
(urur) z (wrur) z (wrur) z (wru) z






media/file11.jpg
2 (mm)

2 (mm)

2 (mm)

—hws






media/file6.png
18

s (t mm)

A50-

o
i
wur) u

)
- 10
o)
E
=
= E
N
|
p)
umwny
Ne) N
I
)
Y N
LO
LO
F v
B
<F - OO0
v
"
o
- 10
[3p)
Q
Q.
@)
7
LB @
eVl wn
N -
c
S5
o p—
=g
o9
IES.H
» &
Y
et
Vf
=)
L2 58
=
Hm
“M
I
|
I





media/file15.jpg





nav.xhtml


  water-14-00397


  
    		
      water-14-00397
    


  




  





media/file16.png





media/file2.png
/ \
/

y . &
b ) I w

100

-
(o))

-
o

o o o o O
N O 16O H o

IJUILJ JUIDII]

20

10

0.1

0.01

Grain size (mm)





media/file20.png
pmmmmmmm————
-

-
- ™
.
4"
.
4
5
4
.
! ' Y
4
——
==
'l
] € e T
[
[
1
1
1
1
1) . .
1 . . .
H f) ~ L, GO SN @5~ LS ¢ "
H - ¢V, - ¢ <
1
1
1
1
1
5
180 mm ‘
1
A}
A}

a

-
- ~
- ~w

)

~
~ o
LT -
EEETN- 1 -






media/file23.jpg





media/file5.jpg
| Jsne o oo
% 0 % W0 s %0 70 s
rrrrr Transverse sections -— WS-z (mm) s (mmm)

- Baseol the transverseslope 1 g 15 3 g9





media/file24.png





media/file29.jpg
o 3 i
Al s,
VB || 57
LIS
R o
H





media/file1.jpg
8

1ouy JuadIag

E28RERBERSR

01
‘Grain size (mm)

001





media/file31.jpg
2 (mm)

N

cNi
W Tgasons.zn |

)

IR EEREE]






media/file25.jpg
g

s xmm) &

B omm) £

2

S e
WS-z (mm)

ool | o] | ol

00 0% 6 0.0 %

Case2

)

| lr«s;ﬂumy
| (7
0 S
LH
|
|
|
1 |
|
|
|
.
|
o [ e lfl o -

00 0% 0 %30 0





media/file12.png
(=m0 = =
— LO — LO LOO
= = 7
]
= = = =
A e =
< = _ =
cn I cn (q@)
Lo o) )
(@ (@ (@]
(=) (=) =
- — i
g
i oo  owe m
N
e | et L n
— — —
] ] 1
() () [
& & 2
o e
S % e
o - N &
A.i A.T | A.i
W
e = oo
T LO T T T T LO T T T LO
(o) (o ! o () | ) (=) (> ! o () () ()] () () !
s o s
LO LO LO
= < ©
— —
—
<H <H <H
) (e ()
cO cnO A cO
= () (=
(@] (@ (@
(=) (o (=
— — —
g
() = = m
N 4
o e —
— i i
1 1 1
o e o
& e 2
s o L
P &P P
- | e S
= = <
s | e -
T T T T T LO T T T T LO T T T LO
(=) (> ) (a5 () () ! (=) =) ) ) = ! |, ) ) ) () ) !
<t cO (@ — — <H cn (e} — — <t (e (e} — —
(uru) z (wrur) z (wrur) z






media/file9.jpg
\=Friow)

50 @
2%

R e )
%5 o)
2% —

R e
s0: ©
)

e
H

50 @
i P 7

e |
“s0 ©,
2%

S SRS RS N ]
By O
2%

R (L JUAREAE /M Ll L NS - Tl
5o @
2% "

o e e g — < e e N )
&

00 10 230 0 a0 5%
-~ Base of the transverse slope NS
7303 7






media/file0.png





media/file8.png
|==Flow

E
i (d)

| | | | | | | |
50 150 250 350 450 550 650 750 850

~~~— Base of the Transverse Slope L , NS - z(mm) s (t mm)
-7 -30 3 7 10





media/file17.jpg





