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Transport of moderately sorted gravel at low bed shear stresses: the role of fine sediment infiltration
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A reliable estimation of sediment transport in gravel-bed streams is important for various practical engineering and biological studies (e.g., channel stability design, bed degradation/aggradation, restoration of spawning habitat). In the present work, we report original laboratory experiments investigating the transport of gravel particles at low bed shear stresses. The laboratory tests were conducted under unsteady flow conditions inducing low bed shear stresses, with detailed monitoring of the bed topography using a laser scanner. Effects of bed surface arrangements were documented by testing loose and packed bed configurations. Effects of fine sediments were examined by testing beds with sand, artificial fine sand or cohesive silt infiltrated in the gravel matrix. Analysis of the experimental data revealed that the transport of gravel particles depends upon the bed arrangement, the bed material properties (e.g., size and shape, consolidation index, permeability) and the concentration of fine sediments within the surface layer of moving grains. This concentration is directly related to the distribution of fine particles within the gravel matrix (i.e., bottom-up infiltration or bridging) and

Introduction

A mountain river is a dynamic system. Its flow and bed morphology change due to natural events (e.g., changes in flow conditions and sediment supply) or human activities, resulting in overbank floods, structure failure and fish stock variability [START_REF] Pitlick | Geomorphology and endangered fish habitats of the upper colorado river: 2. linking sediment transport to habitat maintenance[END_REF]. Mountain rivers are often formed with grain sizes ranging from clay to pebble (diameters between micrometers and decimeters), which leads to selective sediment transport, fine-coarse particle interactions, infiltration and clogging of fine sediments within the gravel substrate. The amount and type of fine sediment found in coarse substrate can have implications for the bed morphology dynamics, the health of aquatic biota, surface-groundwater interactions as well as water quality [START_REF] Kondolf | The sizes of salmonid spawning gravel[END_REF][START_REF] Wharton | The pernicious problem of streambed colmation: a multi-disciplinarity reflection on the mechanisms, causes, impacts, and management challenges[END_REF].

In gravel-bed streams, partial transport induced by low-flow conditions is more frequent than full mobility (all grain sizes are mobile, the bed surface completely disrupted due to high flow conditions). Therefore, the bedload rate can be highly variable in time and space because the entrainment threshold is only slightly exceeded [START_REF] Wilcock | Surface-based fractional transport rates: Mobilization thresholds and partial transport of a sand-gravel sediment[END_REF]. In this context, quantitative estimates of the threshold conditions for particle motion and of gravel bedload at low shear stresses are difficult [START_REF] Buffington | A systematic analysis of eight decades of incipient motion studies, with special reference to gravel-bedded rivers[END_REF]. The use of the Shields diagram or bedload formulae based on excess bed shear stress, originally developed for non-cohesive and well-sorted bed materials, is questionable [START_REF] Wilcock | Toward a practical method for estimating sediment transport rates in gravel-bed rivers[END_REF][START_REF] Parker | Sediment Engineering -Processes, Measurements, Modeling, and Practice[END_REF]. Most of these formulae do no take into account aspects such as: the Grain Size Distribution (GSD) of bed material; the specific conditions for incipient motion of each grain-size fraction [START_REF] Proffitt | Transport of non-uniform sediments[END_REF]; and the role played by surface bed structures, specifically grain arrangement and orientation [START_REF] Voepel | Variations in grain-scale sediment structure and entrainment force in a gravel-bed channel as a function of fine sediment content and morphological location[END_REF], and by fine sediments mortaring the gravel on bed mobility [START_REF] Hodge | Spatial variations in surface sediment structure in riffle-pool sequences: a preliminary test of the Differential Sediment Entrainment Hypothesis (DSEH)[END_REF][START_REF] Wainwright | The concept of transport capacity in geomorphology[END_REF].

For poorly (and moderately) sorted gravel materials, the formation of a surface armor layer is generally observed under steady flow and no sediment feeding conditions [START_REF] Church | Stabilizing self-organized structures in gravel-bed stream channels: Field and experimental observations[END_REF][START_REF] Guney | Experimental study of the coarse surface development effect on the bimodal bed-load transport under unsteady flow conditions[END_REF], which implies a bed surface coarsening [START_REF] Hassan | Experiments on surface structure and partial sediment transport on a gravel bed[END_REF], an increase in grain imbrication [START_REF] Mao | Grain size and totopographic differences between static and mobile armour layers[END_REF][START_REF] Qin | On characterization of the imbrication of armored gravel surfaces[END_REF], and the formation of grain patterns (e.g. clusters, microforms; [START_REF] Marion | Analysis of small-scale gravel bed topography during armoring[END_REF][START_REF] Curran | An investigation of bed armoring process and the formation of microclusters[END_REF]. Under unsteady flows, [START_REF] Mao | The effect of hydrographs on bed load transport and bed sediment spatial arrangement[END_REF] and [START_REF] Guney | Experimental study of the coarse surface development effect on the bimodal bed-load transport under unsteady flow conditions[END_REF] highlighted significant changes in gravel bed surface organization due to the antecedent flow history and the initial degree of bed armoring and arrangement.

The arrangement of the bed surface was identified as an important factor affecting gravel mobility, but its effect was not quantified. The transport of bimodal material formed with sand and gravel mixture was examined mainly in laboratory conditions (e.g. [START_REF] Ikeda | Experimental study of heterogeneous sediment transport[END_REF][START_REF] Wilcock | Surface-based transport model for mixedsize sediment[END_REF][START_REF] Curran | Effect of sand supply on transport rates in a gravel-bed channel[END_REF], with the aim of developing empirical formulae for the computation of bedload. Increasing sand content, the bed becomes sand-dominant with gravel particles moving individually over a surface sand layer [START_REF] Wilcock | Experimental study of the transport of mixed sand and gravel[END_REF]. [START_REF] Wilcock | A two-fraction model for the transport of sand/gravel mixtures[END_REF] developed a two-fraction model for sand-gravel mixture transport. [START_REF] Wilcock | Surface-based transport model for mixedsize sediment[END_REF] proposed a surface-based transport model for mixed-size sediments considering the hiding/exposure effect and the nonlinear effect of sand content.

The process of fine sediment infiltration into immobile clean gravel was investigated, mainly for non-cohesive sediments, experimentally [START_REF] Einstein | Deposition of suspended particles in a gravel bed[END_REF][START_REF] Beschta | The intrusion of sediments into a stable gravel bed[END_REF][START_REF] Schälchli | The clogging of coarse gravel river beds by fine sediment[END_REF][START_REF] Haynes | Using magnetic resonance imaging for experimental analysis of fine-sediment infiltration into gravel beds[END_REF][START_REF] Gibson | Bridging process threshold for sediment infiltrating into a coarse substrate[END_REF]Wren et al., 2011, among others) and theoretically [START_REF] Sakthivadivel | Clogging of porous column of spheres by sediment[END_REF][START_REF] Cui | Theory of fine sediment infiltration into immobile gravel bed[END_REF][START_REF] Gonzalez | Infiltration of fine sediment mixtures through poorly sorted immobile coarse beds[END_REF][START_REF] Herrero | Sand infiltration into a gravel bed: A mathematical model[END_REF]. To a lesser extent, one can find a number of field [START_REF] Frostick | The infiltration of fine matrices into coarse-grained alluvial sediments and its implications for stratigraphical interpretation[END_REF][START_REF] Lisle | Sediment transport and resulting deposition in spawning gravels, North Coastal California[END_REF][START_REF] Sear | Fine sediment infiltration into gravel spawning beds within a regulated river experiencing floods: ecological implications for salmonids[END_REF] and laboratory experiments examining the infiltration of cohesive sediments [START_REF] Krishnappan | Entrapment of fines in coarse sediment beds[END_REF]. Depending on the fine-to-coarse particle diameter ratio [START_REF] Gibson | Vertical gradational variability of fines deposited in a gravel framework[END_REF], two infiltration mechanisms can occur: 1) deep infiltration of fine sediments down to an impermeable bottom and progressive filling of the gravel pores from the bottom upward (a process called Unimpeded Static Percolation (USP)); 2) trapping of fine grains at the surface pore throats that prevents further fine sediments from infiltrating into the subsurface, therefore forming a surface clogged layer (i.e. bridge or seal). To the author's knowledge, no study describing how the clogged gravel material is mobilized is available. [START_REF] Marquis | Using multiple bed load measurements: toward the identification of the bed dilation and contraction in gravel-bed rivers[END_REF] argued that fine sediment infiltration and dynamics may affect gravel bed dilation (i.e., reorganization of coarse particles into a looser packing) and contraction (i.e., tighter packing) during low flood events.

The role of cohesive sediments (silt/clay) on inception of gravel motion was investigated in a few field [START_REF] Reid | The incidence and nature of bedload transport during flood flows in coarse-grained alluvial channels[END_REF][START_REF] Barzilai | Effect of changes in fine-grained matrix on bedload sediment transport in a gravel-bed river[END_REF] and laboratory studies [START_REF] Kothyari | Influence of cohesion on the incipient motion condition of sediment mixtures[END_REF][START_REF] Jain | Cohesion influences on erosion and bed load transport[END_REF]. Cohesive particles consolidate the gravel bed, leading to an interlocking bed structure that modifies bedload drastically [START_REF] Hassan | Experiments on surface structure and partial sediment transport on a gravel bed[END_REF]. Gravel transport decreases with an increase in clay content [START_REF] Jain | Cohesion influences on erosion and bed load transport[END_REF][START_REF] Barzilai | Effect of changes in fine-grained matrix on bedload sediment transport in a gravel-bed river[END_REF], but depends on various parameters (e.g., clay type and percentage, water content in the cohesive fraction, undrained shear strength, unconfined compressive strength, plasticity index).

The review presented above indicates that a considerable amount of effort has been involved in the investigation of non-cohesive, non-uniform selective sediment transport leading to an armor layer. Similarly, studies examining the infiltration of non-cohesive fines through immobile, well-sorted gravel beds are abundant. However, the transport of gravel at low bed shear stress (i.e., flows generating a very low but measurable bedload) along with considering the role of fine sediments and struc-tures of the surface bed material has not been examined yet. This is unfortunate, because understanding the factors controlling the gravel mobility at low bed shear stress is required to quantify and model bedload in mountain streams. Indeed, the largest uncertainty in predictive models is observed for this range of low bed shear stresses [START_REF] Camenen | A general formula for non-cohesive bed load transport[END_REF]Recking et al., 2012). Our research addresses this gap by quantifying the transport of moderately sorted gravel close to the incipient motion conditions. We report the results from a series of original experiments conducted in a straight laboratory flume under unsteady flow conditions generating low bed shear stresses. Two different bed configurations (loose vs packed) were tested to reflect the role of grain arrangement and orientation on gravel mobility.

The effects of fine sediments were examined by infiltrating different types of fine sediments in the gravel matrix. This paper is organized as follows: after presenting the experimental set-up and describing how the infiltrated and packed beds were created in the laboratory, the results and main observed processes are summarized. Then the main factors affecting gravel transport at low bed shear stresses are discussed; a methodology for improving the computation of bedload in gravel beds is also presented. The last section provides concluding remarks.

Materials and methods

Experimental facility

The sediment transport experiments were carried out in an 18 m-long, 1 m-wide and 0.8 m-deep tilting flume with glass walls (Figure 1). This facility is located in the Irstea's Hydraulic and Hydromorphology Laboratory (HHLab) in Lyon -Villeurbanne (France). The flume longitudinal slope was set at 1 %. An electromagnetic flowmeter (Krohne Optiflux) measured the flow discharge (Q). A honeycomb straightener eliminated flow turbulent structures at the entrance. A 1 m-long weir with adjustable slope and height was placed at the downstream end to control the water depth and to achieve a uniform flow condition, without impeding bedload.

The flow was qualified as uniform when its free surface was approximately parallel to the longitudinal bed profile. The weir settings were determined after several trials. In our experiments, the flow depth was the same (within ± 1 cm) at every sections of the channel located between 6 and 18 m downstream of the flume inlet.

Ultrasonic sensors (Microsonic mic+130/IU/TC) and a laser scanner (scanControl 2900 Micro-Epsilon, vertical resolution: 2 µm), installed on an automated mobile platform, measured the water surface and bed topography, respectively. The analysis of laser scanner surveys provides indicators of bed surface arrangement, such as the geometrical grain roughness of the bed surface (σ zg ), lengths of the bed surface structures in the streamwise (∆ x0 ) and cross-stream direction (∆ y0 ), the armoring degree (A r ) and the preferential orientation of bed surface grains (Φ) [START_REF] Marion | Analysis of small-scale gravel bed topography during armoring[END_REF][START_REF] Perret | Laser scanning method to characterize bed arrangement and its influence on incipient motion of gravel sediments[END_REF]. A closed recirculating system supplied clear water or water mixed with fine sediments (grain sizes less than 0.5 mm) into the flume. There was no upstream gravel feeding. Rolling baskets collected the transported gravel at the downstream end of the flume, so that bedload rate measurements could be performed.

The experimental configurations were chosen to be representative of alpine rivers in terms of slope (1 %), Shields numbers (0.04 ≤ τ * ≤ 0.08), relative roughness (0.08 ≤ D/h ≤ 0.14) and bed morphology planform (plane or braided beds) [START_REF] Camenen | An estimation of gravel mobility over an alpine river gravel bar (Arc en Maurienne, France) using PIT-tag tracers[END_REF].

Bed material

Two types of bed materials were studied: moderately sorted gravel (G) and bimodal material composed of the same gravel matrix infiltrated with fine sediments (Fig-

ure 2). Three types of fine sediment were used: two were non-cohesive (sand (S)

and artificial fine sand (FS)) and one was cohesive (medium silt (Ms)). Table 1 summarizes the geometrical and geotechnical characteristics of gravel and fine sed- The circularity index C I was chosen as the shape indicator (Table 1). It measures the 2D grain shape deviation from a perfect circle (changes in grain form, symmetry or roughness). C I was computed using image-post-processing of each sediment shape (Figure 2, C I = 4πA/P 2 , with A as the area of the particle projected on the image and P the perimeter of the projected area). Around 50 particles of each sediment material were analysed to obtain statistically relevant indexes. C I = 1 is associated with a perfect circle, whereas C I ≈ 0 indicates a distorted shape. 1 are averaged values given by these two tests.

Tests were performed on water-saturated (C u-sat ) and low water content (C u-20-30% ) sediment samples. For Ms, C u reaches values similar to those characterizing soft rocks (≥ 250 kPa) when the water content is low.

Figure 3 illustrates the gravel beds tested. Beds are identified and named according to the following nomenclature: bed arrangement of the gravel matrix (L for loose, H for hybrid and P for packed) and sediments forming the bed material (G for gravel, S for sand, FS for fine sand and Ms for medium silt). The following sections describe how these beds were prepared.

Experimental procedure for clean gravel beds

Preparation of clean gravel beds -Both loose and packed (L-G and L-P) clean gravel beds were studied. L-G beds denote loose, random and non-organized gravel beds that were not subjected to antecedent flows. To create L-G beds, gravel was manually installed in the flume using a large scraper to obtain an 8 cm-thick flat bed surface, parallel to the flume bottom. In contrast, antecedent long flows over a gravel bed were necessary to create a packed and structured bed (P-G bed). The P-G bed preparation followed three steps (Figure 4a). In step (1), a L-G bed was prepared. In step (2), this bed was subjected to a typical flood hydrograph with increasing and decreasing steps of 5 L/s. At the end of step (2), a hybrid bed (H-G) was obtained, defined as a bed that had just experienced a flood for a short time.

The flow discharge Q ref-F producing a specified reference transport rate q s-ref at the falling limb in step (2) was determined. q s-ref refers to the first low bedload rate, that can be accurately measured considering the large uncertainty linked to bedload measurement at low bed shear stresses. q s-ref defines the gravel incipient motion and should be adapted if a different gravel material was studied [START_REF] Uswes | Studies of river bed materials and their movement with special reference to the lower Mississippi River[END_REF][START_REF] Parker | Bed load and size distribution in paved gravel-bed streams[END_REF]. In this case, Q ref-F corresponds to the discharge for cessation of gravel motion on a hybrid bed (i.e. for which gravel transport becomes lower than q s-ref ). This discharge was not exactly the same between two experiments because we were not able to reproduce the exact same initial loose bed (Q ref-F was within the range of 60 -65 L.s -1 ). The difficulty to reproduce loose beds was highlighted by analysing the laser scanner surveys of their bed surfaces. Laser scanner data also show that grain arrangements were present on a H-G bed, although not as pronounced as for a P-G bed.

Step (3a) is the arrangement phase. A constant discharge of Q ref-F was imposed for several hours to enhance a natural bed surface arrangement. This arrangement phase was stopped when the gravel transport rate became insignificant at the downstream end of the flume, i.e., after approximately 12 hours. We considered that the P-G bed is created at the end of step (3a).

Water was then drained out carefully from the flume, keeping the P-G bed surface organization intact. Since the P-G bed preparation was carried out with low gravel transport, the bed stabilized without significantly changing its longitudinal slope (variation was around 5 % on average). Loose bed (L-G-i) Packed bed (P-G-i) Sediment transport experiments on clean gravel beds -For the sake of clarity, each test is denoted with the bed nomenclature completed by a number i. Two experiments sharing the same number refer to one experiment couple, corresponding to two tests performed successively with no manual gravel bed reinstallation (steps ( 2) and (4) in Figure 4). For example, a loose bed experiment conducted before a bed arrangement phase forms a couple with the next packed bed experiment (e.g. L-G-1 followed by P-G-1). Similarly, two experiments conducted before and after the infiltration phase form a couple (e.g. L-G-5 and H-G/Ms-5).

𝑄 ref-F 𝑄 𝑡

Couple of experiments

𝑄 ref-R 1 2 4 Loose bed (L-G-i) Packed bed (P-G-i) Infiltrated bed (H-G/S-i), (H-G/FS-i) or (H-G/Ms-i) 𝑄 ref-F 𝑄 𝑡

Couple of experiments

A sediment transport experiment consisted in operating the flume with a stepped flow hydrograph while collecting transported gravel periodically at the flume's downstream end (Figure 4, step (2) for L-G and step (4) for P-G). The selected hydrographs simulate unsteady flow events, characterized by symmetrical rising and falling limbs with steady and uniform flow intervals lasting 15 -20 min and flow transitions lasting 5 min. Stepped plateaus provide steady flows that can more easily be characterized than a true unsteady flow. In addition, the characteristic time for bed arrangement was found to be much longer (several hours) [START_REF] Church | Stabilizing self-organized structures in gravel-bed stream channels: Field and experimental observations[END_REF] than the plateau duration. Consequently, we expected the flow to be unsteady from the sediment transport point of view. Similar hydrographs (i.e., magnitude, duration and sequencing) were used for all experiments so that they could be compared (see supplementary files). Before starting each experiment, the bed surface was photographed and scanned. The transported gravel was collected every 5 min (three times per interval) in the rolling sieves at the downstream end of the flume and was then dried and weighed to deduce bedload temporal variations (per unit width) q s (t). Using recorded videos, q s (t) was estimated by visually counting gravel passing through a given area at different locations (i.e., upstream, middle, and downstream of the channel). The measured bedload rate at the downstream end of the flume was roughly the same as the one estimated from visual counting; the observed differences may be the consequence of local variation and long bedload oscillation since q s is averaged over several minutes (Recking et al., 2012). The level of the water surface was measured during each hydrograph plateau at every meter along the flume centerline; the averaged water depth h was then calculated. After each sediment transport experiment, the bed was drained and a topographic survey was carried out.

Experimental procedure for infiltrated beds

Preparation of infiltrated beds -Bimodal beds (H-G/Ms, H-G/FS, H-G/S)

were not prepared by homogeneously mixing gravel and fine sediments as commonly done in previous studies [START_REF] Wilcock | Experimental study of the transport of mixed sand and gravel[END_REF][START_REF] Curran | Effect of sand supply on transport rates in a gravel-bed channel[END_REF]. Instead, bimodal beds were prepared by infiltrating fines into a H-G bed, thereby replicating natural vertical bed structures (Figure 3). Figure 3b shows a side view of the final beds at the end of each infiltration operation. Table 1 summarizes the geotechnical properties of the bed materials tested except for the case of a bed infiltrated with sand particles. Indeed, no average values were estimated for this case because of the inhomogeneous vertical distribution of sand through the gravel matrix. This was indeed verified (see the evolution of the infiltration in Figure 3b, lines 2 and 4). To keep an approximately constant concentration during the infiltration phase (step (3b)), bags of fine sediments were added periodically to the water tank.

The infiltration phase stopped when the bed was fully clogged, i.e., when gravel matrix pores were fully filled by fines. The flow discharge was then cut off and the bed was carefully drained.

A similar protocol was used to prepare a H-G/S bed, except during the infiltration phase (step (3b)). The sand was too coarse to recirculate mixed with the water. Therefore, a feeding system located at the flume entrance supplied sand continuously and uniformly across the channel width. During step (3b), sand moved as bedload along the flume. Sand particles entered the gravel matrix but were quickly trapped within the gravel pore spaces near the bed surface, thereby blocking infiltration deeper into the substrate and creating a bridge (or seal). This behavior is consistent with the findings reported by [START_REF] Gibson | Vertical gradational variability of fines deposited in a gravel framework[END_REF] 

Results

Bedload rate over clean gravel beds

Figure 5 shows the temporal variation of flow and bedload rates for the L-G-7 test, which is representative of all tests carried out with L-G and P-G beds (see supplementary files); the results differ only in terms of bedload intensity, which depends on the initial surface bed arrangement. The bedload rate q s increases and decreases with flow discharge, following a single-peak shape. At each of the hydrograph plateaus, the first of the three measured bedload rates is often the highest one (Figure 5), particularly during the rising limb period. This may reflect the temporal variability and the beginning of the decline observed in many studies at a constant flow discharge [START_REF] Hassan | Experiments on the effect of hydrograph characteristics on vertical grain sorting in gravel bed rivers[END_REF]Recking et al., 2012;[START_REF] Guney | Experimental study of the coarse surface development effect on the bimodal bed-load transport under unsteady flow conditions[END_REF]. The evolution of the dimensionless bedload rate q * s = q s / (s -1)gD 3 50 as a function of the dimensionless bed shear stress τ * = τ / [(ρ s -ρ)gD 50 ] (where τ = ρgR h J is the bed shear stress, s = ρ s /ρ is the relative grain density, ρ and ρ s are the water and sediment density, respectively, g is the gravitational acceleration, R h is the hydraulic radius corrected for side-wall effects following the method of [START_REF] Vanoni | Laboratory studies of the roughness and suspended load of alluvial streams[END_REF], J is the energy slope set at the bed slope for uniform flow and D 50 is the representative median diameter of gravel particles present on the bed surface) is examined in Figure 6. D 50 = 6.8 mm was assumed for all the calculations, even for packed beds, because significant surface grain coarsening was not observed. For the sake of clarity, the bedload rates during flow transitions are not shown in Figure 6. The results related to rising and falling limbs are separated to capture any possible differences in bedload evolution. Three or four q * s -values are available for a given τ * -value (i.e., given flow discharge). At very low bed shear stresses, the bedload fluctuated substantially, making high-accuracy measurements delicate [START_REF] Ancey | Stochastic interpretation of the advection-diffusion equation and its relevance to bed load transport[END_REF]. The inter-comparison of tests at very low bed shear stress is therefore not appropriate. The dimensionless reference transport rate q * s-ref associated with the reference transport rate q s-ref = 1.325 g.m -1 .s -1 , defined in the protocol as the gravel's incipient motion, is shown. q * s-ref = 2.2×10 -4 corresponds to the lowest, sufficiently accurate, measured dimensionless bedload rate. Above this reference rate, the scatter of q * s is reduced and comparisons between the diverse experiments are possible (Figure 6). It should be noted that q s-ref = 1.325 g.m -1 .s -1 is larger than the reference rate calculated from the dimensionless parameter (W * = q * /τ * 3/2 ) proposed by [START_REF] Parker | Bed load and size distribution in paved gravel-bed streams[END_REF]. According to these authors, the incipient motion for gravel particles is attained for W * = 0.002, namely with q s around 0.2 g.m -1 .s -1

in the present experiments. This rate is too low and ought to be subjected to large measurement uncertainty. Retaining q s-ref = 1.325 g.m -1 .s -1 leads to W * = 0.01 in the present tests.

Figure 6 shows that loose and packed beds behave differently. For a given q * svalue, τ * is globally lower for loose beds than for packed beds, particularly during the rising limb. Comparing one experiment couple during the rising limb, the reference dimensionless bed shear stress τ * ref (i.e., the dimensionless bed shear stress needed for generating the bedload rate q * s-ref ) for the packed bed can be from 5 % to 19 % higher than for the loose bed (on average 12 %). We expected that all the data would collapse for one type of bed (either L-G or P-G) since the same protocol was applied.

However, there are significant differences between two L-G experiments (see L-G-1 and L-G-2, for example) and they cannot all be explained by the measurement uncertainty. We believe that the initial bed arrangement is the main cause for these differences. Nevertheless, two main areas encompass all data related to L-G experiments (green shaded area) and data related to P-G experiments (grey shaded area), respectively (see Figure 6a). The scatter due to the temporal variability of bedload (several q * s -values for one given τ * -value) does not question these two distinct areas. The intersection of these areas provides a location for data related to tests on a slightly packed bed. During the falling limbs (Figure 6b), there are fewer differences between loose and packed beds than during the rising limb. The reference dimensionless bed shear stress τ * ref decreases for P-G beds and increases for L-G beds. The data tend to gather in a single area: the intersection area mentioned above. This behavior characterizes hybrid beds. Somehow, the hydrograph seems to reset previous shear stress histories, so that both hybrid beds resulting from a loose or a packed bed present similar bedload dynamics and similar bed surface arrangements.

Bedload hysteresis patterns are observed for both bed configurations (Figure 6).

Clockwise hysteresis (i.e., bedload rates that are larger during the rising limb than during the falling limb for the same shear stress) are observed for L-G beds, but either no hysteresis or counter-clockwise hysteresis are noted for P-G beds. These results reveal a close connection between bedload rate and gravel bed arrangement. Bedload rate over infiltrated beds Results for the H-G/Ms beds gather in the area that previously corresponds to P-G bed data during the rising limb (Figure 8a). In our case, clogging with cohesive Ms has similar effects on bed mobility as gravel arrangement. In addition, data from H-G/Ms-6 have the same behaviour than the other data from H-G/Ms experiments, even if the bed resulted from an initial P-G bed. The lack of difference within hybrid beds is once again verified. Data from H-G/Ms tests follows counterclockwise hysteresis, meaning that the transport of gravel is enhanced during the falling limb, except in the H-G/Ms-5 test that shows a clockwise hysteresis. This exception will be discussed in the Discussion Section. During the rising limb, Ms is more difficult to wash out of the bed surface than FS because of its cohesion. Gravel mobility is reduced due to the presence of cohesive Ms. During the falling limb, the infiltrated gravel bed is partially cleaned from Ms, and then tends to behave like a For the gravel bed infiltrated with sand (H-G/S-7), the highly scattered bedload rates make the results difficult to interpret. Figure 8 shows a new area for the H-G/S experiment, with high bedload rates for τ * -values being much lower than those for the other experiments. The seal of sand clearly enhanced the gravel transport. No hysteresis loop is identifiable and no single τ * ref could be defined during the rising and falling limbs. Figure 9 shows the evolution of bedload as a function of time and hydraulic conditions, to be compared to Figure 5 (L-G-7 test). Contrary to L-G-7, bedload evolution in H-G/S-7 shows a two-peak shape (Figure 9). The first bedload peak observed at very low flow discharges is probably caused by the presence of the bridge of sand lubricating the bed surface. The second peak appears at a flow discharge of around 60 L/s, similar to the increase in bedload for L-G-7 (Figure 5).

However, the bedload rate is six times higher when sand is present.

19 for the H-G/S-7 test. Grid delimits steady states from transition zones. Black horizontal line corresponds to q s-ref = 1.325 g.m -1 .s -1 . Loose and packed beds (L-G and P-G) -A loose bed is put into motion (T 2) before a packed bed (T 3) (red and black boxes in Figure 10). For the L-G bed, q s is higher than the reference value q s-ref between T 2 and T 5. During this time lapse, the L-G bed packs and organizes itself. The resulting bedload rate during the falling limb is lower than during the rising limb for the same bed shear 20

Summary of the results
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Rising limb

Falling limb This high concentration lubricates the bed surface, enhancing the gravel transport (T 3 -T 4). The shape of FS is spherical (Figure 2), which may favor this lubrication.

τ* L-G H-G/Ms H-G/Ms H-G/FS H-G/FS H-G/S H-G/Ms H-G/FS H-G/FS H-G/FS H-G
During the falling limb, no strong organization is observed. The significant gravel transport prevents particle organizations. If conditions of low bedload were longer, grain organizations might appear. At T f , the bed surface is significantly loose with τ * ref-F lower than in the other cases described above.

Beds infiltrated with S (H-G/S) -As shown in Figure 9, the bedload evolution for the H-G/S bed (yellow boxes) is marked by two main stages. First, at low-flow discharge during the rising limb (T 1), the bed surface is highly concentrated in sand, which lubricates and facilitates gravel particles rolling around their neighbours. The equal mobility phenomenon was observed, meaning that gravel particles are transported as easily as sand [START_REF] Parker | Bed load and size distribution in paved gravel-bed streams[END_REF]. The highly concentrated sand layer starts moving as bedload on the bed surface. The moving sand particles collide with gravel particles, destabilize them and finally entrain them. As the sand layer is washed from the bed surface, gravel transport decreases. Although there was sand feeding during this experiment, it was not sufficient to maintain a high concentration at the surface layer; consequently the gravel transport rate decreased.

Once τ * reaches the reference value τ * ref-R found for the L-G tests, significant gravel transport is observed again (T 2). Even if the sand concentration infiltrated into the bed is relatively low compared to what was on the bed surface at the beginning of the experiment, it is still high enough to enhance the transport of gravel (T 3 -T 5).

The intensity of this effect may be attributed to the fact that sand and gravel are mainly transported as bedload.

Discussion

Impact of bed arrangement

Under similar hydraulic conditions (see supplementary files), diverse bedload rates were observed for beds composed with the same material (same GSD) having different levels of arrangements. The arrangements of L-G and P-G beds were quantified using the laser scanner. The analysis of the three-dimensional topographic surveys of the bed surfaces revealed substantial changes between the two types of bed [START_REF] Marion | Analysis of small-scale gravel bed topography during armoring[END_REF][START_REF] Mao | Grain size and totopographic differences between static and mobile armour layers[END_REF][START_REF] Perret | Laser scanning method to characterize bed arrangement and its influence on incipient motion of gravel sediments[END_REF].

The geometrical grain roughness of the bed surface (σ zg ) was found to be smaller for P-G beds than for L-G beds, revealing a better bed surface particle imbrication and thus a smoother bed surface for packed beds. Small bedforms (preferential pathways) and bed structures were present on P-G bed surfaces. Structure lengths in the streamwise (∆ x0 ) and the cross-stream direction (∆ y0 ) were about 2×D 50 .

Gravel particles were orientated in the streamwise direction for P-G beds, whereas they were randomly organized in L-G beds [START_REF] Nikora | On gravel-bed roughness characterization[END_REF][START_REF] Marion | Analysis of small-scale gravel bed topography during armoring[END_REF].

The drag force for gravel orientated in the streamwise direction is on average smaller than for randomly orientated gravel. In addition, a decrease in bed surface roughness should lead to lower flow resistance as well [START_REF] Smart | Relatively rough flow resistance equations[END_REF]. Gravel transport should therefore be reduced for the P-G experiments in comparison to the L-G tests considering the same hydraulic conditions. This is consistent with our results

(see Figure 6). Topographic surveys made at the end of each sediment transport experiments were also analyzed and showed that bed surfaces were quite similar for hybrid beds (resulting from a loose or a packed bed) in terms of bed roughness, imbrication and grain orientation.

We have seen that results from loose and packed beds at the falling limb (i.e.

hybrid beds, see Figure 6) form a scattered data set among which both beds can not be distinguished. The lengths of the bed forms at the end of the experiments show also a significant scatter. This scatter is nevertheless lower for the grain roughness, which is the source of skin friction. It should be recalled that the total bed shear stress τ can be broken down into a bed shear stress component due to grain resistance, τ g , and a bed shear stress component due to form resistance, τ f . Sediment motion is generally attributed to the skin friction τ g and not to the total shear stress τ [START_REF] Petit | Dimensionless critical shear stress in gravel-bed rivers[END_REF]. To further investigate the part of bed forms in the scatter of our data and focus on grain scale, we estimate the skin friction to analyse sediment transport rate in our experiments.

Figure 11 shows q * s as a function of τ * g , computed using the Manning-Strickler equation and a Strickler coefficient

K g = 21/D 1/6
50 , which represents skin roughness assumed to be identical for all experiments conducted on clean beds:

τ g = ρg Q W √ JK g 3/5 J (1)
where W is the channel width.

The same trend as in Figure 6 is replicated in Figure 11, namely two dimension- differences are still present between the beds, even ignoring the bed form effect on flow resistance (Figure 11a). This could indicate that the hypothesis of similar bed roughness is inappropriate and that the estimation of τ g with a single bed roughness coefficient is probably mistaken. In addition, changes in bed arrangement may not influence only flow resistance, but also bed stability defined by the distributions of the dislodging forces, which individual grains can resist before moving [START_REF] Tait | The physical processes of bed armouring in mixed grain sediment transport[END_REF]. Bed stability is assessed by bed roughness and additional indicators such as the lengths of bedforms and structures, the degree of armoring (A r ) [START_REF] Cooper | Water-worked gravel beds in laboratory flumes -a natural analogue ?[END_REF] and the main orientation of the bed surface grains (Φ) [START_REF] Friedrich | Evaluation of statistical analysis techniques for developing bedforms recorded in 3d. Master's thesis[END_REF].

The analysis of the laser scanner surveys supports the hypothesis of an incorrect estimation of τ g , but does not inform on the impact of bed arrangement on bed stability.

In bedload prediction models, flow resistance and bed mobility are often represented using hydraulic roughness (k s ) and a criterion defining the gravel's incipient motion (τ * ref ), respectively [START_REF] Wilcock | Sediment transport primer: estimating bed-material transport in gravel-bed rivers[END_REF]. Improving these models requires assessing changes in both flow resistance and bed stability. Regarding the experimental results reported herein, both τ * ref and k s seem sensitive to change in bed arrangement. They are therefore at least dependent on a combination of several indicators of bed surface arrangement, e.g.

k s = f (σ zg , ∆ x0 , ∆ y0 , A r , Φ, ...) and τ * ref = f (σ zg , ∆ x0 , ∆ y0 , A r , Φ, ...).
We were not able to explain the link between q s and bed arrangement parameters exhaustively, nor to reduce the number of controlling parameters. For this to be achieved, supplementary data are needed. Nevertheless, some correlations were 

Impact of geotechnical bed properties

Our observations revealed that the presence of infiltrated fine sediments needs to be taken into account when studying bedload dynamics.

Tests were performed on beds infiltrated from the bottom up with fine sediments having similar grain sizes but different geotechnical properties (H-G/FS and H-G/Ms). The results showed that fine sediments affected gravel mobility differently.

In presence of Ms, q s was reduced, whereas in presence of FS, q s was enhanced for similar bed shear stress. The size of the fines is therefore not the only parameter to be considered when studying infiltrated beds. The geotechnical properties of the gravel matrix can change depending on the type of infiltrated fine sediments (Table 1). Bed permeability, consolidation and fine sediment shape are also important parameters controlling q s .

Bed permeability k mainly depends on the grain size and particle shape of the coarse and fine particles. Previous studies highlighted the impact of bed permeability on hydraulic roughness [START_REF] Manes | Turbulence structure of open channel flows over permeable and impermeable beds: A comparative study[END_REF][START_REF] Hamm | Fine particle deposition to porous beds[END_REF]. [START_REF] Hamm | Fine particle deposition to porous beds[END_REF] measured bed shear stresses in open-channel flows over permeable beds formed by glass beads (D 50 = 1.5 mm) or cobbles (D 50 ≈ 6.5 cm). They found that bed shear stresses were 1.5 -2 times greater than those for impermeable beds under equivalent hydraulic conditions. This effect was attributed to the momentum balance associated with water exchange across the sediment-water interface [START_REF] Manes | Turbulence structure of open channel flows over permeable and impermeable beds: A comparative study[END_REF].

This increase in bed shear stress facilitates sediment movement for permeable beds.

In permeable beds, the bed shear stress is distributed over a finite depth instead of a surface as in an impermeable bed. The observation of the in-bed water velocity profile suggests that this depth is limited to one or two grain diameters and that most of the shear stress is applied on grains of the first bed surface layer [START_REF] Leonardson | Exchange of fine sediments with gravel riverbeds[END_REF]. In impermeable beds, the bed shear stress acts predominantly on the upper part of the surface grain, whereas in the case of permeable beds, it acts on the whole grain, therefore enhancing grain motion. In our case, beds infiltrated with fine sediments from the bottom up have similar bed permeabilities, which are much smaller than in the case of L-G beds (Table 1). Permeability Reynolds numbers (Re k = √ ku * /ν) are less than 1, indicating that these beds will behave as if they were impermeable [START_REF] Breugem | The influence of wall permeability on turbulent channel flow[END_REF][START_REF] Manes | Turbulence structure of open channel flows over permeable and impermeable beds: A comparative study[END_REF]. On the contrary, L-G beds are considered as permeable beds (high values of Re k ). Gravel mobility should be reduced on H-G/Ms and H-G/FS beds compared to L-G beds. However, Figure 8 shows that this was not always the case. If L-G beds (permeable) were put into motion more easily than H-G/Ms beds (impermeable), the opposite behavior during the falling limb was observed between L-G beds (permeable) and H-G/FS beds (impermeable). Therefore, other factors than bed permeability may also control the bedload rate.

The decreased erodibility of a H-G/Ms bed can be attributed to a change in bed stability due to the higher consolidation caused by the presence of fine sediments (see C u in Table 1). The H-G/FS bed was not consolidated (C u = 0) compared to beds formed with Ms. The latter consolidates the gravel matrix and prevents gravel from moving. It is important to recall that C u increases with the decrease in water content within the bed, which depends on the residence time of fine sediments. This residence time (T r ) corresponds to the time during which the fines were present in the drained gravel matrix before the beginning of the sediment transport experiment (see Figure 4, the time between steps (3b) and ( 4)). The longer this time is, the less erodible the bed material is. Indeed, H-G/Ms beds with the longest T r are those with the lowest bedload rate (T r equal 12, 5 and 3 days for H-G/Ms-5, H-G/Ms-6

and H-G/Ms-9, respectively) (Figure 8). In this way, q s decreases as bed material consolidation increases. The hysteresis pattern of H-G/Ms-5 showed a clockwise loop as opposed to the other tests performed with Ms. This difference can be explained by remarkably high bed consolidation. During the rising limb, the flow removed fines from the first surface layer, while transporting some gravel particles. Then the flow encountered strongly consolidated fine sediments located on the subsurface where gravel is totally enclosed by Ms. Fine sediments present on the bed surface were easier to de-clog than those present in the subsurface. That is why a reduction in the bedload rate occurred during the falling limb of the hydrograph. The residence time of fine sediments T r appears to be an important parameter for predicting bedload rate.

The difference in bedload rate between the H-G/Ms and H-G/FS bed experiments may also be related to the shape of fine sediments. Several authors have investigated the effect of coarse sediment shape on bed shear stress [START_REF] Li | Laboratory measurements of pivoting angle for applications to selective entrainment of gravel in a current[END_REF][START_REF] Durafour | Bedload transport for heterogeneous sediments[END_REF]. They found that particles with non-spherical shapes (flat, angular or elongated) have stronger imbrication patterns than spherical particles. [START_REF] Li | Laboratory measurements of pivoting angle for applications to selective entrainment of gravel in a current[END_REF] showed that the bed shear stress required to put into motion non-spherical material might be up to six times greater than the bed shear stress for moving spherical grains. [START_REF] Durafour | Bedload transport for heterogeneous sediments[END_REF] observed that changes in bed shear stress were controlled by changes in the sediment circularity index (C I ).

Transposing these findings for coarse particles to fine particles used in this study could explain why H-G/FS beds were easier to move than H-G/Ms beds. Ms particles (C I = 0.75) contribute to consolidating the bed because of their angular and elongated shapes, reducing the sediment transport in contrast to spherical FS particles (C I = 0.99) (Table 1). The significant dispersion of the GSD of the medium silt (Figure 2) probably also reduces the porosity and enhances the bed consolidation.

The increase in erodibility of the H-G/FS bed may be attributed to a decrease in bed stability due to the lubrication effect of the circular FS washed out of the gravel matrix.

Importance of fine sediment concentration

Tests were performed on beds infiltrated with non-cohesive fine sediments having different grain sizes (H-G/FS and H-G/S). In both cases, the gravel mobility was enhanced, but to a lesser extent in the H-G/FS experiment.

Previous studies showed that gravel transport increased in presence of noncohesive fine sediments within the bed [START_REF] Jackson | Influences of increased sand delivery on the morphology of sand and gravel channel[END_REF][START_REF] Wilcock | Experimental study of the transport of mixed sand and gravel[END_REF][START_REF] Curran | The decrease in shear stress and increase in transport rates subsequent to an increase in sand supply to a gravel-bed channel[END_REF][START_REF] Koll | Sediment transport over a static armour layer and its impact on bed stability[END_REF]. This increase is often associated with a reduction of the mean grain diameter characterizing the overall bed [START_REF] Hill | Experimental study of the effect of grain sizes in bimodal mixture on bed slope, bed texture, and the transition to washload[END_REF]. In our case, the bedload rate was higher in the presence of sand than in the presence of fine sand. Yet, the mean grain diameter of the bed was lower for the H-G/FS bed than for the H-G/S bed. Therefore, previous indicators might not be suitable for characterizing gravel transport with infiltrated beds.

In the H-G/FS experiment, gravel transport was not influenced by fine sediments during the rising limb (the results were similar to those found during the falling limb of the L-G experiments), whereas it increased during the falling limb (Figure 8). Yet, we expect the GSD of the overall bed surface to increase as part of the fines are washed out. The increase in sediment transport might be explained by the fact that between the rising and falling limbs, the fine sediment concentration within the flow increased due to the re-suspension of fine particles. In their experiments, [START_REF] Wilcock | Surface-based transport model for mixedsize sediment[END_REF] found that high fine sediment content in the surface (> 30 %) strongly enhances bedload rate. Considering the H-G/FS results, we believe that fine sediment concentration in the bedload layer c f (and not in the surface) is a controlling parameter for gravel transport. We define the bedload layer as the thin layer at the bed surface, where gravel particles are transported and where interactions between fine and coarse sediments occur. The analysis of c f can also explain the difference between the H-G/FS and H-G/S experiments. Indeed, for the H-G/S experiment, sand moves as bedload resulting in a much higher concentration in sand within this layer than for the H-G/FS experiment (FS was transported in suspension). c f depends on the transport mode (bedload or suspension) and bedload rates are higher for higher c f such as in the H-G/S experiment. The H-G/S test also highlights the importance of considering the time variation of c f when studying gravel transport. Knowing the fine sediment distribution within the bed (related to the type of infiltration) helps predict the temporal evolution of c f . We suggest taking c f (t) into account in new bedload models.

We do not claim that the above methodology provides quantitative values for τ * ref .

Even if the first estimate of τ * ref is mistaken, the recommended relative adjustment should still be valid and coherent. Further studies with different sediments and hydraulic conditions should be tested to validate the given qualitative ranges of adjustment. The final bedload trends are in coherence with those found in previous studies, namely a decrease in q s with strong bed arrangement [START_REF] Hassan | Experiments on the effect of hydrograph characteristics on vertical grain sorting in gravel bed rivers[END_REF][START_REF] Guney | Experimental study of the coarse surface development effect on the bimodal bed-load transport under unsteady flow conditions[END_REF] and in presence of cohesive fine sediments [START_REF] Jain | Cohesion influences on erosion and bed load transport[END_REF][START_REF] Barzilai | Effect of changes in fine-grained matrix on bedload sediment transport in a gravel-bed river[END_REF] and an increase in q s in presence of non-cohesive fine sediments [START_REF] Wilcock | Surface-based transport model for mixedsize sediment[END_REF][START_REF] Curran | Effect of sand supply on transport rates in a gravel-bed channel[END_REF]. In-situ tests were conducted to verify this methodology [START_REF] Camenen | Field experiment on the dynamics of fine and coarse sediments over a gravel bar in an alpine river[END_REF].

Even if the slope effect was not studied in this paper, it could be interesting to suggest an adjustment as a function of changes in bed slope. Previous studies found that τ * ref increases with an increase in bed slope [START_REF] Chiew | Incipient sediment motion on non-horizontal slopes[END_REF][START_REF] Shvidchenko | Flume study of the effect of relative depth on the incipient motion of coarse uniform sediments[END_REF][START_REF] Mueller | Variation in the reference shields stress for bed load transport in gravel-bed streams and rivers[END_REF][START_REF] Lamb | Is the critical shields stress for incipient sediment motion dependent on channel-bed slope[END_REF][START_REF] Recking | Theoretical development on the effects of changing flow hydraulics on incipient bedload motion[END_REF]. The bedload rate is then lower at high slopes. The reasons for this decrease remain only partially explored. In steep flows, the relative roughness (k s /h) is high and the bed arrangement is strong. Changes in relative roughness impact the flow structure and turbulence, modifying the bedload rate. The slope effect is actually a consequence of the linked effects of bed arrangement [START_REF] Shvidchenko | Flume study of the effect of relative depth on the incipient motion of coarse uniform sediments[END_REF] and relative roughness [START_REF] Lamb | Is the critical shields stress for incipient sediment motion dependent on channel-bed slope[END_REF][START_REF] Recking | Theoretical development on the effects of changing flow hydraulics on incipient bedload motion[END_REF] that should be taken into account when predicting the bedload rate.

Conclusion

Original laboratory experiments were conducted to investigate the mobility of gravel under low bed shear stresses. Particular attention was paid to the roles played by the gravel surface arrangement and by fine sediments infiltrating the gravel matrix.

A total of 15 experiments were conducted with different bed configurations: clean loose and packed gravel beds, and gravel beds infiltrated with sand, non-cohesive fine sand or cohesive medium silt. Unsteady flow conditions ensuring low bed shear stresses were simulated. Laser scanning of the bed topography was performed to retrieve information on bed changes. The results showed that both the bed arrangement (e.g., structure sizes, degree of bed armoring, surface grain imbrication and orientation) and the presence of fine sediments (e.g., nature, shape and concentration of fines, degree of bed consolidation) significantly govern the transport of gravel.

The bedload rate decreases with decreasing bed roughness, increasing grain structure lengths, increasing grain imbrication and with gravel particles preferentially aligned with the flow direction. The mobility of a packed gravel bed decreases up to 12 % compared to a loose gravel bed. Cohesive and angular silt infiltrated into the gravel matrix strongly reduces the bedload rate by consolidating the gravel bed, thereby increasing the reference bed shear stress up to 12 % compared to a clean gravel bed. The opposite behavior was observed with non-cohesive and spherical fine particles, namely gravel bed lubrication due to fine presence and a reduction of the reference bed shear stress up to 40 % compared to a clean gravel bed. Under low-flows, the gravel movement can be enhanced if the concentration of fine particles is high enough in the bedload layer, which is accompanied by a reduction in flow roughness and turbulence and an acceleration in near-bed flow.

We suggest a methodology for improving the computation of bedload rate in mountain rivers. We recommend adjusting the dimensionless reference bed shear stress in bedload transport capacity formulae according to the degree of bed surface arrangement (loose or packed), the presence of fines (concentration in the bedload layer) and the characteristics of fines infiltrated into the bed (cohesive or non-cohesive, grain shape): from 0 % to +12 % depending on the degree of bed arrangement, from 0 % to +12 % for gravel infiltrated with cohesive and angular fine particles, and from -40 % to 0 % for gravel infiltrated with non-cohesive fine particles.

The ; σg is the geometric standard deviation of the GSD; ws is the settling velocity computed using [START_REF] Soulsby | Dynamics of marine sands, a manual for practical applications[END_REF] equation; CI is the circularity index; p is the bed porosity; Mixture porosity were calculated using the comparison between gravel porosity and the maximum fine content that can contain the gravel matrix as presented in [START_REF] Leonardson | Exchange of fine sediments with gravel riverbeds[END_REF]. k is the bed permeability computed with the Kozeny-Carman relation; Cu-sat is the bed consolidation measured for water-saturated beds; C u-20-30% is the bed consolidation measured when the bed water content is about 20-30 %; Re k = √ ku * /ν is the permeability Reynold number; u * = √ ghI is calculated for a standard case where I = 0.01 and h = 0.07 m. NE and NA refer to not evaluated and not applicable data, respectively.
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 1 Figure 1: Experimental set-up.

  iments. Hereafter, D and d denote diameters of the coarse (G) and fine (S, FS or Ms) sediments, respectively.

Figure 2 :

 2 Figure 2: Sediment GSD and shapes. Photographs of Ms and FS were taken with a microscope.

Figure 3 :

 3 Figure 3: (a) Diagrams illustrating the beds studied and (b) lateral photographs of the beds during (left) and at the end (right) of the infiltration phase.

Figure 4 :

 4 Figure 4: Experimental protocol from bed preparation to bedload experiment for a) clean gravel beds and b) infiltrated gravel beds. Blue areas correspond to clear water flow while orange areas represent fine concentrated water flow. (1) denotes the bed installation, (2) and (4) refer to sediment transport experiments. (3a) and (3b) are bed arrangement phase and infiltration phase, respectively. The symbol * indicates a drained bed (which can last a few days). Q ref-R and Q ref-F are the flow discharges for which the initiation of gravel motion (during the rising limb) and the cessation of gravel motion (during the falling limb) were observed, respectively.

Figure

  Figure4billustrates how a bimodal bed was prepared. First, a sediment transport experiment (step (2)) was carried out on a specific initial bed (i.e., L-G or P-G) to obtain a hybrid bed. The bed is designated as hybrid when produced using a single hydrograph flowing either over a L-G bed or over a P-G bed. In the bimodal experiments, only experiment H-G/Ms-6 resulted from an initial P-G bed. Hybrid beds are more reproducible in the laboratory in terms of bed surface arrangements than loose beds, which is why the infiltration phase (step (3b)) was performed on such beds. An infiltrated hybrid bed and a clean hybrid bed can be compared by focusing only on the effect of fine sediment presence and by excluding the potential effects of changes in bed arrangement.For the preparation of H-G/FS and H-G/Ms beds, a fine sediment-laden flow recirculated along the flume under flow conditions yielding no gravel motion. For these beds, the D 15 /d 85 ratio, representing the capacity of the coarsest fine grains (d 85 ) to get through the finest coarse grains (D 15 ), was larger than 150. According to[START_REF] Gibson | Vertical gradational variability of fines deposited in a gravel framework[END_REF], USP is the expected infiltration mechanism for D 15 /d 85 ≥ 15.4, meaning that fine sediments should fill the beds from the bottom upwards.

  who stated that bridging should occur for D 15 /d 85 ≤ 10.6 (for the present H-G/S bed, D 15 /d 85 was equal to 4.5). Step (3b) was stopped when a sand bridge at the surface was stable along the entire flume length. Flow and sand feedings were cut off and the bed was carefully drained. Sediment transport experiment on infiltrated beds -For the H-G/FS experiment, the stepped hydrograph and the bedload sampling time were similar to those used for the clean gravel bed experiments (L-G and P-G). For the other infiltrated beds, the protocol for the sediment transport experiments was slightly different. For the H-G/Ms experiments, the maximum flow magnitude was increased because the presence of Ms particles reduced the gravel rate. For the H-G/S experiment, the steady flow plateaus were reduced in time (8 min instead of 15 or 20 min) and magnitude (see supplementary files) because sand increased the gravel transport. Reducing the duration of each flow plateau prevented significant bed changes. Bedload was measured at the downstream end of the flume every 4 min. During this experiment, sand was fed at the same rate as the infiltration phase. For the H-G/FS and H-G/Ms experiments, fines recirculated at the same concentration as the end of the infiltration phase.
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 5 Figure 5: Time variations of bedload rates (in orange) and flow (in blue); results for L-G-7 test. Grid delimits steady states from transition zones. Black horizontal line corresponds to the reference transport rate q s-ref = 1.325 g.m -1 .s -1 .

Figure 6 :

 6 Figure 6: Evolution of the dimensionless bedload rate with dimensionless bed shear stress; results for the clean L-G and P-G beds: (a) at the rising limb and (b) at the falling limb. Green and grey shaded areas delimit loose bed data and packed bed data, respectively, during the rising limb. These areas are reported on Figure 6b. Black horizontal line corresponds to q * s-ref = 2.2×10 -4 .

Figure 7

 7 Figure7illustrates the hysteresis patterns for the experiment couple n • 2, namely a clockwise loop for L-G-2 and a counter-clockwise loop for P-G-2. For L-G beds, gravel particles are easily transported during the rising limb while re-arranging and strengthening the bed. Consequently, bedload rates become lower during the falling limb. For P-G beds, the opposite behavior is observed. The bed is initially packed and the gravel transport is initiated for higher bed shear stresses. During the rising limb, grain structures can be broken and the bed surface can become weak if the bed shear stress reaches sufficient values. In that case, the mobility of gravel is enhanced during the falling limb. Otherwise, bedload remains approximately the same during the falling and rising limbs.

Figure 8 Figure 7 :

 87 Figure 8 presents data related to infiltrated bed experiments and shows the evolution of q * s with the dimensionless shear stress τ * . Previous areas defined for clean gravel beds (Figure 6) are recalled in Figure 8 for comparison. During the rising limb, bedload rates for the H-G/FS bed are similar to those observed during the falling limb for L-G beds (close to the intersection area), indicating that FS has no influence on gravel dynamics. However, during the falling limb, the H-G/FS bed behaves differently. Data remain in the same area as during the rising limb, but τ * ref is smaller. The evolution of bedload follows a counter-clockwise

Figure 8 :

 8 Figure 8: Evolution of the dimensionless bedload rate with dimensionless bed shear stress; results for infiltrated gravel beds: (a) at the rising limb and (b) at the falling limb. Green and grey shaded areas are the same as presented in Figure 6. The open and closed symbols denote data obtained on hybrid beds resulting from initial loose and packed beds, respectively. Black horizontal line corresponds to q * s-ref = 2.2×10 -4 .

Figure 9 :

 9 Figure9: Time variations of bedload rates (in orange) and flow (in blue); results for the H-G/S-7 test. Grid delimits steady states from transition zones. Black horizontal line corresponds to q s-ref = 1.325 g.m -1 .s -1 .

Figure 10

 10 Figure 10 shows a schematic temporal evolution of different beds responding to similar bed shear stresses. This Figure highlights significant steps generating substantial changes in the bed matrix composition and in sediment transport (T 0 -T 5). In one line, the absence of a box means that no significant change occurred between the time considered and the previous time. Values of τ * ref are represented with horizontal bold color lines and plotted on the evolution graph (τ * , t) for each type of bed. Each color is associated with one specific bed (see colors of the box edges). τ * ref-R corresponds to the dimensionless bed shear stress for which the initiation of motion during the rising limb was observed and τ * ref-F corresponds to the dimensionless bed shear stress for which the cessation of sediment motion was observed during the falling limb. The bed arrangement and degree of clogging described at T 5 refer to the final bed state (T f ).

Figure 10 :

 10 Figure 10: Description of the different bed evolutions during a hydrograph. Each line in the upper part describes how a specific bed evolves during the hydrograph schematized below. A color is attributed to each bed type (contour of the box). Key times in this evolution are denoted T 0 to T 5 and represented by shaded columns on both hydrograph and upper part of the diagram. A missing box in the line means that no change occurred between the time considered and the previous time. Horizontal color lines on the hydrograph correspond to τ * ref-R and τ * ref-F for each bed type. Arrows inside the boxes represent gravel transport. They are not scaled according to the sediment transport intensity.

Figure 11 :

 11 Figure 11: Evolution of the dimensionless bedload rate with dimensionless skin friction: (a) rising and (b) falling limbs data. Gray and green shaded areas are the same as in Figure 6. Black horizontal line corresponds to q * s-ref = 2.2×10 -4 .

  found between τ * ref and bed surface indicators, helping to understand the impact of bed arrangement on bedload transport, such as the correlation between the decrease in τ * ref and the decrease in geometrical grain roughness, the correlation between the increase in τ * ref and the increase in bedform heights, structure lengths and bed armoring degree, the correlation between the increase in τ * ref and the appearance of a preferential grain orientation. Figure 12 illustrates some of these observed correlations.

Figure 12 :

 12 Figure 12: Relation between dimensionless reference bed shear stresses and their associated bed surface indicators. Bed surface parameters are (a) geometrical grain roughness or (b) bed armoring degree or (c) the length of the bed surface structures in the flow direction.

Table 1 :

 1 present work is an additional step toward a consistent investigation of gravel transport in open channels. Further experiments could help build a new bedload Main geometrical and geotechnical characteristics of the sediments or mixtures used in this study. 50 and d 50 are the median grain diameters of the coarse and fine sediments, respectively [mm]

	Sediments D 50 , d 50	σ g	w s	C I	p	k	C u-sat C u-20-30% Re k
		(mm)	(-)	(mm/s)	(-)	(-)	(m 2 )	(kPa)	(kPa)	(-)
	G	6.8	1.3	340	0.84 0.42 3.6.10 -8	0	0	15.7
	S	0.813	1.34	110	0.84 NE	NE	0	0	NE
	FS	0.066	1.3	3.6	0.99 0.4 3.4.10 -12	0	11-12	0.15
	MS	0.04	2.5	1.3	0.75 0.56 3.4.10 -12 2.4-28	250-500	0.15
	Mixtures								
	G/FS	NE	NE	NA	NA 0.17 1.9.10 -11	NE	NE	0.36
	G/Ms	NE	NE	NA	NA 0.23 6.7.10 -11	NE	NE	0.68
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Recommendations for bedload prediction

Based on our experiments (Figure 10) and on previous studies [START_REF] Wilcock | Surface-based transport model for mixedsize sediment[END_REF][START_REF] Hassan | Experiments on the effect of hydrograph characteristics on vertical grain sorting in gravel bed rivers[END_REF][START_REF] Jain | Cohesion influences on erosion and bed load transport[END_REF][START_REF] Recking | Theoretical development on the effects of changing flow hydraulics on incipient bedload motion[END_REF]