Chien Pham Van 
  
Vivien Chua 
  
Numerical simulation of hydrodynamic characteristics and bedload transport in cross sections of two gravel-bed rivers based on one-dimensional lateral distribution method

Keywords: Bedload, Gravel-bed river, One-dimensional lateral distribution method, Bedload transport discharge

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Sediment is an important component of riverine waters, and is transported in the form of suspended load and bedload. Suspended load consists of fine particles that move throughout the water column, and continuously interacts with the bed through entrainment or deposition [START_REF] Garcia | Sedimentation engineering: Processes, measurements, modeling, and practice[END_REF]. Bedload consisting of coarse particles moves by sliding, rolling, or saltation over the surface of the bed when the bed shear stress exceeds a critical value [START_REF] Einstein | The bedload function for dedload transportation in open channel flows[END_REF][START_REF] Garcia | Sedimentation engineering: Processes, measurements, modeling, and practice[END_REF], and in long term involves bed evolution or morphological changes. Despite longstanding recognition of the importance of bedload, understanding of bedload transport processes still remains limited [START_REF] Martin | Evaluation of bed load transport formulae using field evidence from the Vedder River, British Columbia[END_REF]. This is due, at least partly, to (i) the difficulties encountered when attempting to observe bedload movement directly in the field [START_REF] Khorram | A sensitivity analysis of total-load prediction parameters in standard sediment transport equations[END_REF][START_REF] Martin | Evaluation of bed load transport formulae using field evidence from the Vedder River, British Columbia[END_REF], (ii) the non-uniform mixture of sediment particles [START_REF] Fan | A mechanisticstochastic formulation of bed load particle motions: From individual particle forces to the Fokker-Planck equation under low transport rates[END_REF][START_REF] Zhong | Bed sediment entrainment function based on kinetic theory[END_REF][START_REF] Zhong | A bed-load function based on kinetic theory[END_REF], and (iii) the variation of the flow and local topography (Habsersack et al., 2008;[START_REF] Martin | Evaluation of bed load transport formulae using field evidence from the Vedder River, British Columbia[END_REF]. Thus, accurate evaluation and prediction of bedload transport are crucial in studies of fluvial hydrodynamic characteristics and river morphology [START_REF] Garcia | Sedimentation engineering: Processes, measurements, modeling, and practice[END_REF].

The lateral distribution pattern of bedload can vary significantly in a river cross section, which is commonly a partial function of the cross section shape (Habsersack et al., 2008).

Moreover, local topography also plays a vital role in the spatio-temporal variation of bedload [START_REF] Liedermann | Insights into bedload transport processes of a large regulated gravel-bed river[END_REF]. The use of the mean water depth of the cross section (as an input in calculations of bedload transport rate) may decrease the predictive ability of a bedload transport formula [START_REF] Martin | Evaluation of bed load transport formulae using field evidence from the Vedder River, British Columbia[END_REF]. Furthermore, evaluation of bedload transport using sectionaverage velocity and mean cross-sectional bed shear stress is inappropriate, even when a lateral homogeneous distribution of bedload transport is assumed [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF]Habsersack et al., 2008). Thus, local hydrodynamic characteristichs (e.g., water depth, flow velocity, and bed shear stress) should be used for bedload calculations, especially for real river applications where the topography often varies arbitrarily across the river cross section.

Local flow velocity, which is a key hydraulic characteristic in a river cross section, often varies significantly in space due to various factors, e.g., local topography and the transverse transfer of momentum between fast flow in deep areas and adjacent slower flow in shallow areas of the cross section [START_REF] Pham | Simulation of flow in compound open-channel using a discontinuous Galerkin finite-element method with Smagorinsky turbulence closure[END_REF][START_REF] Sellin | A laboratory investigation into the interaction between the flow in the channel of a river and that over its flood plain[END_REF]. Observed data and field measurements using an acoustic Doppler current profiler [START_REF] Dinehart | Averaged indicators of secondary flow in repeated acoustic Doppler current profiler crossings of bends[END_REF] as well as three-dimensional numerical model results [START_REF] Riesterer | Bed load transport modeling of a secondary flow influenced curved channel with 2D and 3D numerical model[END_REF] also show that the effects of (lateral) secondary flow on the local flow velocity are significant because of the influence of non-uniformity of velocity caused by bed friction effects and local topography, even in straight channels [START_REF] Bousmar | Secondary-current impact on momentum transfer for compound channels flow modelling[END_REF][START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF][START_REF] Knight | Boundary shear stress distributions in open channel flow[END_REF]. All of this suggests that the local topography and secondary flow should be taken into account in numerical simulations, in order to obtain accurate prediction of the bedload tranport rate.

Different models can be used to simulate the local flow velocity (and water depth) in rivers and particularly in a river cross section where accurate prediction of the velocity distribution and consequently the bed shear stress is a key issue [START_REF] Choi | Impact of floodplain vegetaion on the morphological change in the straight compound open-channel flow[END_REF][START_REF] Darby | Predicting stage-discharge curves in channels with bank vegetation[END_REF][START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF][START_REF] Vionnet | Estimates of flow resistance and eddy viscosity coefficients for 2D modelling on vegetated floodplains[END_REF][START_REF] Wark | A practical method of estimating velocity and discharge in a compound channel[END_REF]. The lateral distribution of bed shear stress over the channel width is the key hydraulic parameter for the determination of the bedload transport rate as well as bedload transport discharge that in turn will affect this lateral distribution of bed shear stress through changing hydrodynamic characteristics, e.g., flow velocity, water depth. Regarding the river cross section, the water depth often is smaller than the width of the river by a factor of many orders of magnitude, and, thus the depth-averaged models are widely applied to simulate the flow in practical applications. This kind of depth-averaged model allows for significantly reducing the computational time in comparison with three-dimensional models and provides more detailed information of hydrodynamic characteristics of the flow than those obtained in cross sectionaveraged models. Among the different depth-averaged models, [START_REF] Wark | A practical method of estimating velocity and discharge in a compound channel[END_REF] developed the one-dimensional lateral distribution method (1D-LDM) for simulating the local flow velocity and/or unit water discharge (q = U×H, where U is the depth averaged streamwise velocity and H is the water depth) in a river cross section. Then, the 1D-LDM has been applied to a wide range of applications, varying from small-scale laboratory flumes to largescale of laboratory channels and real rivers (e.g., [START_REF] Choi | Numerical prediction of morphological change of straight trapezoidal open-channel[END_REF][START_REF] Choi | Prediction of total sediment load in sand-bed rivers in Korea using lateral distribution method[END_REF][START_REF] Choi | Impact of floodplain vegetaion on the morphological change in the straight compound open-channel flow[END_REF][START_REF] Darby | Predicting stage-discharge curves in channels with bank vegetation[END_REF][START_REF] Menéndez | An integrated hydrodynamicsedimentologic-morphologic model for the evolution of alluvial channels cross sections[END_REF][START_REF] Vionnet | Estimates of flow resistance and eddy viscosity coefficients for 2D modelling on vegetated floodplains[END_REF]etc). These applications demonstrate that the 1D-LDM can be used to predict the local flow velocity in a river cross section.

In terms of application of bedload transport formulae for gravel-bed rivers, a number of empirical expressions have been developed to estimate the bedload transport rate [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF][START_REF] Gomez | An assessment of bed load sediment transport formulae for gravel bed rivers[END_REF]Habsersack et al., 2008;[START_REF] Parker | Surface-based bedload transport relation for gravel rivers[END_REF][START_REF] Wu | Nonuniform sediment transport in alluvial rivers[END_REF]. However, such empirical formulae have been verified site specifically as well as with uniform particles, and, therefore, need careful validation to be applicable in reality [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF][START_REF] Gomez | An assessment of bed load sediment transport formulae for gravel bed rivers[END_REF]Habsersack et al., 2008;[START_REF] Parker | Surface-based bedload transport relation for gravel rivers[END_REF]. Moreover, methods to estimate the bedload transport rate also need to be improved to reduce as much as possible the uncertainties in the results for different flow conditions. Furthermore, understanding bedload transport processes in a river cross section often is limited due to the difficulty to obtain measurements for a long time period. In this context, significant efforts are needed to accurately quantify the bedload transport rate as well as bedload transport discharge in the river cross section, in order to (i) improve the accuracy and (ii) have a better understanding of the lateral spatial distribution of bedload.

The current study presents a one-dimensional numerical model in the lateral direction that can be used to simulate hydrodynamic characteristics and bedload transport in cross sections of two gravel-bed rivers. In particular, the study aims to (i) accurately compute the local flow velocity and consequently the local bed shear stress using the 1D-LDM, in which the secondary flow is taken into account, (ii) quantitatively estimate the bedload transport rate in site-specific river cross sections by using six bedload transport formulae, and (iii) investigate the effects of secondary flow and grain size on computing the bedload transport. The modelpredicted flow and sediment transport discharge, Qs, are compared to two sets of field observed data with natural gravel-bed rivers.

Numerical model

Hydrodynamic module

The hydrodynamic characteristics comprised of water depth and depth-averaged velocity at different locations across a river cross section are determined by solving Eq. 1 which is known as the one-dimensional lateral distribution method (1D-LDM). Equation 1 is derived by integrating the Reynolds equations over the depth for (i) steady and uniform flow and (ii) a horizontal water surface [START_REF] Bousmar | Flow modelling in compound channels: Momentum transfer between main channel and prismatic or non-prismatic floodplains[END_REF][START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF][START_REF] Knight | River flow simulation: Research and developments[END_REF]Shiono & Knight, 1990).
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where y indicates the lateral direction, g is the gravitational acceleration (= 9.81 m/s 2 ), ρ is the water density (= 1000 kg/m 3 ), H is the water depth (m), Sx is the bed slope in the streamwise direction,
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is the geometrical factor, in which Sy is the local bed slope in the lateral direction that is computed based on the geometry of the river cross section, τb is the bed shear stress (N/m 2 ), ν is the eddy viscosity (m 2 /s), U is the depth averaged streamwise velocity (m/s), and Γ is the secondary flow term. The bed shear stress is computed as follows

2 2 1/ 3 b gn U H τ ρ = (2)
where n is Manning's coefficient representative of the bed friction.

The eddy viscosity can be calculated by using different options such as a constant value, zero-equation, one-equation, two-equation, and the Smagorinsky turbulence models [START_REF] Pham | Simulation of flow in compound open-channel using a discontinuous Galerkin finite-element method with Smagorinsky turbulence closure[END_REF]. In the current study, the zero-equation turbulence model is selected to compute the eddy viscosity, because in the framework of depth-averaged, uniform, openchannel flow models no significant advantage may be obtained by using more complicated models such as one-and two-equation turbulence models [START_REF] Pham | Simulation of flow in compound open-channel using a discontinuous Galerkin finite-element method with Smagorinsky turbulence closure[END_REF][START_REF] Vionnet | Estimates of flow resistance and eddy viscosity coefficients for 2D modelling on vegetated floodplains[END_REF]. The zero-equation turbulence model is given as:

* U H = ν λ (3)
where * U is the shear velocity and λ is the non-dimensional eddy viscosity coefficient. The latter is set equal to 0.067 (which is obtained by averaging the logarithmic velocity profile over the depth) since effects of this coefficient on the model-predicted flow are not significant (see Section 4). In addition, this is also because of (i) reducing the number of parameters and (ii) making the calibration of parameters in the hydrodynamic module as simple as possible.

The shear velocity is calculated as:
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with cf being a coefficient obtained from Manning's formula, i.e.
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The secondary flow term Γ is approximated using Eq. 5 as in previous studies (i.e. [START_REF] Bousmar | Flow modelling in compound channels: Momentum transfer between main channel and prismatic or non-prismatic floodplains[END_REF][START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF]:
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where K1 is an empirical coefficient and its value varies depending on straight or meandering channels. The value of K1 is greater for meandering channels than for prismatic channels [START_REF] Bousmar | Flow modelling in compound channels: Momentum transfer between main channel and prismatic or non-prismatic floodplains[END_REF][START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF]. For example, a good representation of the lateral distribution of velocity was obtained in straight compound open-channels when a constant value K1 = 0.0025 was applied on the main channel [START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF]. While in compound meandering open-channels, an accurate reproduction of the lateral velocity distribution was obtained when the coefficient K1 ranges between 0.01 and 0.055 in the main channel and between 0 and 0.02 in the floodplain. According to [START_REF] Bousmar | Flow modelling in compound channels: Momentum transfer between main channel and prismatic or non-prismatic floodplains[END_REF], the secondary flow term can be separated into helical secondary flow (corresponding to the dispersion term) and mass transfer due to non-prismaticity (corresponding to the transverse convection term). The magnitude of coefficient K1 is on the order of 0.0015 for helical secondary flow, while its value can vary depending on channel geometries for mass transfer due to non-prismaticity.

Note that 2 1

K U is used to describe a complex three-dimensional mixing process that includes a horizontal shear layer, mass exchange between deep areas and adjacent shallow areas of the river cross section, as well as expansion and contraction losses. It is not yet possible to quantify all of these more precisely in the depth-averaged velocity simulation, as pointed out by [START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF]. Thus, Equation 5 is the simple approximation for the secondary flow and only the coefficient K1 has to be adjusted.

Bedload transport module

The bedload transport rate, qbs (m 3 /sm), or bedload discharge unit (that is defined as the volume rate of bedload transport per unit river width) is computed as follows (e.g. [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF][START_REF] Choi | Prediction of total sediment load in sand-bed rivers in Korea using lateral distribution method[END_REF][START_REF] Garcia | Sedimentation engineering: Processes, measurements, modeling, and practice[END_REF]:
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where ρs is the sediment density (kg/m 3 ), d50 is the median grain size of bedload transport particles (m), and * s q is the non-dimensional sediment transport rate. The latter often is determined empirically based on the non-dimensional bed shear stress, * τ (i.e. Shields parameter), and the non-dimensional critical shear stress for initial motion of sediment, *c τ (i.e. critical Shields parameter). In current study, the non-dimensional sediment transport rate, * s q , is computed using six formulae that were proposed by [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF], [START_REF] Camenen | A general formula for non-cohesive bed load sediment transport[END_REF], [START_REF] Meyer-Peter | Formulations for bed-load transport[END_REF], [START_REF] Ribberink | Bed-load transport for steady flows and unsteady oscillatory flows[END_REF], [START_REF] Wong | Reanalysis and correction of bed-load relation of Meyer-Peter and Müller using their own database[END_REF][START_REF] Wong | Reanalysis and correction of bed-load relation of Meyer-Peter and Müller using their own database[END_REF][START_REF] Wu | Nonuniform sediment transport in alluvial rivers[END_REF]. These formulae are commonly used to compute bedload transport and are listed in Table 1. The purpose of using different formulae is to (i) investigate the sensitivity to the selection of parameters in these formulae, (ii) compare the accuracy of the different formulae and their suitability for real applications by validating them against measurements, and (iii) identify similar formulae among them. The total bedload discharge through the river cross section, Qs, is obtained by integrating the bedload transport rate, qbs, across the river cross section.

The Shields parameter is defined as:
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Note that bedload transport rate usually is related to the grain friction shear stress, τb,g. Thus, in Eq. 7 the bed shear stress, τb, will be replaced by the grain friction shear stress, τb,g. The latter is approximated as follows [START_REF] Meyer-Peter | Formulations for bed-load transport[END_REF][START_REF] Wu | Nonuniform sediment transport in alluvial rivers[END_REF]:
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in which n' is Manning's coefficient corresponding to grain roughness and is calculated by [START_REF] Wu | Nonuniform sediment transport in alluvial rivers[END_REF],
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Effects of grain-size

Bed material in a gravel-bed river often consists of various particles with different sizes, ranging from very fine to very coarse gravel and the range of particle size varies from 0.002 to 0.064 m [START_REF] Garcia | Sedimentation engineering: Processes, measurements, modeling, and practice[END_REF]. Due to the effects of flow, the fine gravel particles can be washed out and then the bed is coarsened and armored. After that, coarse gravel particles can move over the surface of the bed and the fine gravel particles are protected by the coarse gravel particles [START_REF] Fan | A mechanisticstochastic formulation of bed load particle motions: From individual particle forces to the Fokker-Planck equation under low transport rates[END_REF][START_REF] Zhong | Bed sediment entrainment function based on kinetic theory[END_REF][START_REF] Zhong | A bed-load function based on kinetic theory[END_REF]. In other words, fine gravel particles can be hidden and protected by coarse gravel particles, leading to coarse gravel particles that are more exposed and may be easily transported [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF][START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF]. These features are parameterized with a hiding factor that incorporates relative size effects for non-uniform sediment mixture. Thus, the critical Shields parameter is not the same for different particle sizes. The Shields parameter value varies depending on the grain size of material under consideration [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF][START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF], in order to take into account the effects of non-uniform sediment mixture.

*c, * j c h f τ τ = (10)
where *c, j τ is the critical Shields parameter of the size class j and fh is the hiding factor.

The hiding factor can be parameterized by two different approaches. The first parameterization approach for the hiding factor is known as the combined theoreticalexperimental method, which was originally proposed by [START_REF] Egiazaroff | Calculation of nonuniform sediment concentrations[END_REF] based on a theoretical model, and then modified by [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF] based on observed data.

The second approach is based on the observed data [START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF].

In the first approach (denoted by fh1), the hiding factor is parameterized under the following form [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF][START_REF] Egiazaroff | Calculation of nonuniform sediment concentrations[END_REF]:
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where dj is the grain size of the size class j and dm is the arithmetic mean grain size, defined as
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∑ in which N being the total number of classes and pj is the the fraction of the j th class.

The second approach (denoted by fh2) may also be used to parameterize the hiding factor using the relation proposed by [START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF].
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where b is the exponent and its value ranges between zero and unity. Based on observed data, [START_REF] Ferguson | Influence of sand on hydraulics and gravel transport in a braided gravel bed river[END_REF] suggested a constant value of b = 0.12 while [START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF] proposed a relation to determine the coefficient b as a function of dj/d50, i.e.
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It is worth noting from Eq. 13 that the coefficient b can vary between 0.12 and 0.67 when the grain size dj changes from fine particles (dj < d50) to coarse particles (dj > d50). In addition, when effects of grain size are taken into account by using the second approach to parameterize the hiding factor, the non-dimensional bedload transport rate, * s q , associated with different values of coefficient b will differ because of the variations in critical Shields parameter for the initial motion of sediment.

From Eq. 10 and formulae listed in the Table 1, it can be observed that when non-uniform sediment mixtures are taken into account in calculations, they only affect the critical Shields parameter for the sediment incipient motion. Thus, model-predictions for the bedload transport rate may be similar in cases of large grain friction shear stress. However, when the shear stress of grain friction is close to the critical value, effects of non-uniform sediment mixtures may not be negligible.

Numerical implementation

The cross section of the river first is divided into a number of nodes. Then, Equation 1 is solved numerically by using a finite difference method, resulting in a discrete equation that is solved with the Newton-Raphson iteration method [START_REF] Ben-Israel | A Newton-Raphson method for the solution of systems of equations[END_REF]. The free slip condition also is applied at the river banks because the influence of the river banks is limited to the region close to the banks [START_REF] Pham | Simulation of flow in compound open-channel using a discontinuous Galerkin finite-element method with Smagorinsky turbulence closure[END_REF]. Next, the bedload transport rate and bedload transport discharge are computed in the bedload transport module, in which the nondimensional sediment transport rate is calculated using the six formulae. The effects of nonuniform sediment mixtures are taken into account by using either the theoretical-experimental or experimental approach for the hiding factor.

Observed data

Two measured data sets are used in the current study. The first data set was collected through a cross section of the Danube River (Fig. 1), located approximately 70 km downstream from Bratislava, Slovakia [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF] while the second data set was measured at a cross section located downstream on the Toltén River (Fig. 2), in southern Chile [START_REF] Martín-Vide | Bedload transport in a river confluence[END_REF].

In the first data set, bedload transport rates were collected through a river cross section using a basket-type bedload sampler (with a mesh size of 0.003 m) and a boat. The river cross section is located in the meandering channel part of the Danube River, downstream of the Gabcikovo hydropower plant (see Fig. 1). The annual water discharge is about 2000 m 3 /s and the slope of the river is 0.0004. Seventy-one field campaigns were done during the study period from 2000 to 2002. In each campaign, bedload samples were measured at six vertical locations (at y = 55, 105,150,195,245, and 290 m, see inset in Fig. 1) across the study cross section. The samples were weighed and sieved to identify the grain size characteristics of the bedload transport. At each vertical location, a bedload sample, which was measured from 2 to 5 min depending on the local flow conditions and bedload transport intensity, was repeated ten times to derive an average value in order to reduce the error resulting from temporal fluctuation. The median grain size (d50) from the bedload samples is 0.009 m, corresponding to medium gravel. The grain size characteristics of bed sediment particles across the cross section can be found in [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF]. Flow velocity and water depth also were measured at each vertical bedload sampling location, and the resulting the water discharge in the cross section varies between 970 and 4750 m 3 /s in the field campaign period.

The second data set was measured at a cros section of the gravel-bed Toltén River by using a 76 mm Helley-Smith sampler (with a mesh size of 0.00025 m) and an inflatable survey boat.

The cross section is located downstream of the confluence of the Toltén River and the Allipén River (see Fig. 2). The Toltén River originates in the Andes and flows toward the Pacific Ocean through the region of Araucanía in southern Chile and the slope of the river is 0.002.

The total drainage area at the confluence is of about 5,700 km 2 , with a mean annual discharge of 500 m 3 /s. The high flow season generally occurs between June and November while the low flow season remains during the rest of the year. Bedload samples were taken at different locations (with 5 m distance between two adjacent locations) across the river cross section during the period from 16 June to 30 September 2013. Each bedload measurement consisted of lowering the sampler to the bed of the river and sampling for a period of time that varied depending on local flow conditions and sediment characteristics, and in such a way that the sampler was never filled too much. The optimal sampling time was found to range from 0.5 to 10 min, preventing the bag from becoming filled more than 50%. The water discharge varied between 180 and 900 m 3 /s during the measurement period. A total of 1193 samples were taken. Among these, one-fifth of the total samples (about 253 samples) were dried and sieved to achieve detailed grain size distributions. The median grain size (d50) from the bedload samples is 0.019 m, corresponding to coarse gravel whose diameter varies between 0.016 and 0.032 m [START_REF] Garcia | Sedimentation engineering: Processes, measurements, modeling, and practice[END_REF]. Further information on the grain size distribution of bed sediment particles can be found in [START_REF] Martín-Vide | Bedload transport in a river confluence[END_REF].

Both measured data sets are used for quantifying the influence of non-uniform sediment mixtures on model-predicted bedload transport discharge. Five sediment classes are considered in the first measured data set, while six sediment classes are considered in the second measured data set. Detailed information on the sediment diameter and fraction of each class for both measured data sets are summarized in Table 2.

Results and discussion

4.1. Data-model comparison using the Danube River measured data set

Flow results

The calibration is done by adjusting the two parameters, i.e. Manning's coefficient, n, and coefficient K1. Different values of n and K1 are tested to obtain the best fit for (i) water discharge and water level and (ii) water discharge and section-average velocity. The value of each parameter is varied separately, while keeping the other parameter constant. Figure 3 shows the comparisons between model predictions and observed data from various simulations corresponding to the case where Manning's coefficient (n = 0.026) is kept constant and different values of K1 (e.g., K1 = 0, 0.0001, 0.0003, and 0.0030) are used. Figure 4 depicts the results corresponding to simulations using a constant value of K1 (K1= 0.0003) and different Manning's coefficients (e.g., n = 0.015, 0.026, 0.03, and 0.04).

As shown in Figs. 3 and4, the relation between water discharge and stage and the relation between water discharge and section-average velocity vary significantly when using different values of Manning's coefficient, n, and coefficient K1. This suggests that the model predictions are very sensitive to changes in the bed shear stress and secondary flow term.

Based on three error estimates namely root mean square error (RMSE), mean absolute error (MAE), and correlation coefficient (r) between model-predicted results and observed data, the optimal parameter set for the Danube River data set is found to be n = 0.026 and K1 = 0.0003.

The RMSE and MAE between model-predicted and observed water discharge are 270 and 170 m 3 /s, respectively. These errors are less than 6% of the observed magnitude of water discharge. The RMSE and MAE between model-predicted and observed section-average velocity are 0.125 and 0.088 m/s, respectively (< 7% of the observed section-average velocity magnitude). Correlation coefficients, r, for water discharge and section-average velocity are 0.95 and 0.80, respectively.

The choice of Manning's coefficient is similar to the grain roughness coefficient (i.e. n'= 0.023 obtained by using the median grain size). This slight difference can be explained by taking into account the secondary flow in simulations [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF]. If the secondary flow term is ignored (i.e. K1 = 0), model-predicted water discharge and section-average velocity overestimate the observations (Fig. 3). Significant improvements are obtained when the coefficient K1 = 0.0003 is used.

To validate the hydrodynamic model, four simulations using different values of water discharge, i.e. Q = 1250, 1750, 2250, and 2750 m 3 /s are done. Then, the computed bed shear stress from these simulations is compared to values estimated from the observed data (see Eqs.

5 and 6 in [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF] for more details). Note that the same choices for n and K1 in the calibration step were used in these simulations. Observed data of bed shear stress was obtained from water discharge corresponding to four ranges, i.e. 1000-1500, 1500-2000, 2000-2500, and 2500-3000 m 3 /s.

As shown in Fig. 5, an acceptable agreement between model predictions and observations is obtained for the lateral distribution of the bed shear stress. Model-predicted bed shear stress typically lies in the mid-range of the observed data, except for low flow conditions (Fig. 5a) in which the model-predicted bed shear stress overestimates the observed data. Previous studies [START_REF] Knight | River flow simulation: Research and developments[END_REF][START_REF] Pham | Simulation of flow in compound open-channel using a discontinuous Galerkin finite-element method with Smagorinsky turbulence closure[END_REF] showed that the bed shear stress can increase sufficiently due to the effects of bed-generated turbulence when the depth of water in the river cross section is low, which may account for the overestimation of the modelpredicted bed shear stress for low flow conditions.

The model also reproduces the bed shear stress in the shallow water region (from y = 200 to 250 m, see Fig. 5) in the river cross section. The model-predicted bed shear stress often is small in this region while larger values are observed in the adjacent deeper regions of the cross section (from y = 20 to 200 m, see Fig. 5). A similar trend is revealed in the observed data. These results suggest that the values n = 0.026 and K1 = 0.0003 can be used to reproduce the flow when studying bedload transport.

Good agreement between model predictions and the Shields parameters estimated from field measurements (see Eqs. 1 and 2 in [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF] for more details) also is obtained for the four selected water discharges previously mentioned. The ratio of the Shields parameters in the left and right sides of the section varies in a range between 1.40 and 1.55.

This range is very similar to the observed value of 1.5 obtained from field measurements [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF], and is smaller than the value of 5.0 obtained when the effects of secondary flow are not taken into account. These results confirm that including the secondary flow in simulations allows for accurate reproduction of the observed lateral distribution of flow velocity.

Sediment results

Figure 6 shows the lateral distribution of model-predicted and observed bedload transport rate for four selected water discharges (Q = 1250, 1750, 2250, and 2750 m 3 /s). It can be observed that the bedload transport is concentrated mainly in the section from y = 20 to 200 m in low flow conditions (Q < 1500 m 3 /s), as this is the deepest region in the river cross section.

The higher the flow, the larger the bedload transport rate. The bedload is progressively transported in the entire cross section, indicating a consistency with the variable trend in bed shear stress as well as the Shields parameter.

The six formulae are applied to compute the non-dimensional bedload transport rate.

Looking closely at the results, the MPM and Ri formulae provide the largest bedload transport rate among six formulae, while the CL and WP formulae lead to the smallest transport rates.

The CL and Wu formulae demonstrate bedload transport even in low flow conditions. This is because the CL formula uses a statistical approach for the initial motion of sediment, and is less sensitive to the uncertainty in estimating the critical Shields parameter [START_REF] Camenen | A general formula for non-cohesive bed load sediment transport[END_REF]. In the case of the Wu formula, the small bedload transport rate is the result of the small critical Shields parameter. Most formulae yield realistic results when the water discharge is larger than 2000 m 3 /s.

Figure 7 shows the bedload transport discharge associated with water discharge in the river cross section. The bedload transport discharge, Qs, is obtained by integrating the bedload transport rate, qbs, across the cross section. As shown in the figure, when the MPM and Ri formulae are applied, an overestimation of bedload transport discharge is obtained and its variation depends on the discharge ranges. For the water discharge ranging between 2000 and 3000 m³/s, the estimate is better than for other flow rates. An underestimation for sediment discharge is obtained if the CL and WP formulae are used. This is because of an overestimation of the bedload transport rate when using the MPM and Ri formulae, and an underestimation of bedload transport rate when applying the CL and WP formulae. The AM formula, among the six formulas applied in the current study and in which the particle collision with the bed is taken into account [START_REF] Garcia | Sedimentation engineering: Processes, measurements, modeling, and practice[END_REF], provides the best fit between model predictions and observations in both low and high flow conditions within the river cross section (Fig. 7).

Model application using the Toltén River measured data set 4.2.1. Flow results

Similar to the Danube River data set, approximate values of the two modelling parameters (i.e. n and K1) in the hydrodynamic module are determined by trial and error, resulting in n = 0.032 and K1 = 0.00065. Figure 8 shows the comparisons of model-predicted water discharge with the observed data. The model reproduces the observations very well. The RMSE and MAE of water discharge are 42 and 31 m 3 /s, respectively (< 5% of observed magnitude of water discharge), while the correlation coefficient, r, between model-predicted and observed water discharge is 0.93. This suggests that the model is able to reproduce the variable trend of the observed water discharge at different water depths or stages in the cross section.

Figure 9 shows the lateral distribution of flow velocity and unit water discharge at a given stage of 106.4 m (corresponding to the water discharge Q = 890 m 3 /s). The results show that large velocity and unit water discharge appear in the deeper region of the section (from y = 0 to 60 m) while small values occur in the shallow region.

The choice of Manning's coefficient is greater than the grain roughness coefficient (n' = 0.026). The choice of coefficient K1 (i.e. K1= 0.00065) lies in its typical range, and this value is two times larger than the value for the Danube River data set. The reason for using different values of K1 for the two data sets is because the site-specific cross section in the different conditions gravel-bed rivers. As illustrated clearly in Fig. 2, the river cross section in the second data set is located downstream of a confluence in the Toltén River (where water in the Toltén River and Allipén River tributary flow into the main Toltén River) while the river cross section in the first data set is in the meandering part of the Danube River (Fig. 1). In addtion, the width-depth ratio of the river and complex topography within the river cross section (see Figs. 1 and2) are the other reason for using different values of K1 for the two data sets.

Sediment results

Figure 10 shows the model-predicted total bedload transport discharge versus the water discharge in the river cross section. The model-predicted bedload transport discharge increases significantly from 0.2 to 30 kg/s in low flow conditions (corresponding to water discharge ranging from 150 to 750 m 3 /s). A slight increase in the model-predicted sediment discharge is observed when the water discharge is greater than 750 m 3 /s. Thereby, the modelpredicted sediment discharge also tends to be the same in high flow conditions, especially when using the MPM, Wu, and AM formulae.

In addition, most formulae reproduce the non-linear relation between bedload transport discharge and water discharge for single grain size. The CL formula performs the best for bedload transport discharge since this formula allows for yielding a non-zero bedload transport rate even when the bed shear stress is smaller than the critical bed shear stress value.

An underestimation in the sediment discharge is obtained in low flow conditions when the Ri and AM formulae are applied. This is because a large value is used for the critical Shields parameters for the initial motion of sediment in these formulae. The WP formula produces a smaller sediment discharge than the MPM formula. This is because of a smaller value of the critical shear stress for the initial motion of sediment and a decrease in the coefficient from 8.0 in the MPM formula to 3.97 in the WP formula.

Discussion

Influence of coefficient λ and the secondary flow

Additional simulations corresponding to λ = 0.016, 0.067, 0.16, and 0.45 are done with the Toltén River data set to quantitatively estimate the influence of the coefficient λ on the model predictions. Two values of n (i.e. n = 0.026 and 0.032) are used, while K1 = 0.00065 is kept the same in all simulations. Different statistical errors measures (i.e. RMSE, MAE, and correlation coefficient, r, between model-predicted and observed water discharge) obtained from these simulations are summarized in Table 3. It is worth noting that there is only a small difference in RMSE and MAE of water discharge while the correlation coefficient r between model predictions and observed data is the same when different values of λ are applied. The results show that the coefficient λ does not significantly affect model predictions in the river cross section, and thus the use of the value λ = 0.067 is acceptable.

Field measurements of the flow show considerable effects of secondary flow in the sitespecific river cross sections [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF][START_REF] Martín-Vide | Bedload transport in a river confluence[END_REF]. Equation 5was used to parameterize the secondary flow in the proposed model. Such preliminary parameterization of the secondary flow is not able to quantify all the complex threedimensional mixing processes (e.g., horizontal shear layer, mass exchanges in and out of the deep area of the cross section, expansion and contraction losses) as well as the full characteristics of the secondary flow. Moreover, due to the variation of the cross section geometry, different processes may occur at different water levels, especially at the water level corresponding to the bankfull discharge [START_REF] Liedermann | Insights into bedload transport processes of a large regulated gravel-bed river[END_REF]. However, when such a simple approximation of the secondary flow was applied in combination with good estimates of the bed shear stress, significant improvements in the section-average velocity and water discharge were achieved (see Fig. 3). When the secondary flow was ignored (i.e. K1 = 0, see Fig. 3a-b), the model produced an overestimation of the flow velocity and water discharge.

This indicates that the parameterization of the secondary flow using Eq. 5 is acceptable, and the use of such parameterization allows for more accurate predictions of the lateral distribution of the flow velocity in the river cross sections.

Influence of grain size

The model-predicted total bedload transport discharge versus water discharge is shown in Figs. 11 and 12 for the Danube River and Toltén River measured data sets, respectively. The model-predicted total bedload transport discharge using multiple size classes varies significantly, depending on the method used for parameterizing the hiding factor. When the first approach (i.e. fh1) is applied, the value of the hiding factor varies between 0.85 and 1.64.

If the second approach (i.e. fh2) with b = 0.12 is used, the hiding factor changes from 0.69 to 1.16. A wider range from 0.67 to 2.02 is observed for the hiding factor if the exponent coefficient b is calculated using Eq. 13, revealing that the critical Shields parameter for initial motion of sediment in multiple grain sizes can change from a half to two times of the reference critical Shields parameter values. All of this suggests that the model-predicted total bedload transport discharge is related to changes in the critical Shields parameter for initial motion of sediment. Model predictions also vary considerably if the non-dimensional bedload transport rate is evaluated using different formulae.

Among the six formulae considered in the current study, the formula proposed by [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF] is found to be most suitable for the Danube River data set (Fig. 11f). The correlation coefficient r between model-predicted results and observed trend data equals 0.91 for the bedload sediment discharge. Using this formula for evaluating the non-dimensional bedload transport rate, the model reproduces the total bedload transport discharge if the experimental approach is applied to parameterize the hiding factor. Good agreement between model predictions and observations is obtained when multiple sediment grain sizes are used.

When the coefficient b is determined by Eq. 13, the magnitude of the total bedload transport discharge using five sediment classes decreases by 11.6 kg/s (about 22.5% of the observed magnitude of the total bedload transport discharge), indicating significant improvements over those obtained by using a single sediment class. Similar results also are obtained when the coefficient b = 0.12 is used (Fig. 11f). Hence, the use of multiple sediment classes is able to reproduce observed sediment discharge.

As shown in Figs. 7 and 11, the observed total bedload transport discharge tends to slightly decreases if water discharge is over 3000 m 3 /s. This happens because the mean flow velocity and bed shear stress change slightly or even decrease for such large water discharges [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF][START_REF] Choi | Prediction of total sediment load in sand-bed rivers in Korea using lateral distribution method[END_REF]. However, the aforementioned variation trend of total bedload transport discharge is not observed in model-predicted results. This discrepancy may be due to the use of constant values of the roughness coefficient and coefficient K1 in the model simulations. The constant values are assumed in order to render the calibration of the modeling parameters as simple as possible.

The results for the Toltén River data set are shown in Fig. 12. When water dischage is smaller than 300 m 3 /s, similar results as in Fig. 11f are observed, i.e. the use of multiple sediment classes is able to reproduce the observed sediment discharge when (i) either the Ri or AM formula is used for evaluating the non-dimensional bedload transport rate and (ii) the theoretical-experimental method is applied to parameterize the hiding factor. However, if the water discharge is greater than 300 m 3 /s, the model reproduces the observed total bedload transport discharge appropriately (Fig. 12d) when using the formula proposed by [START_REF] Camenen | A general formula for non-cohesive bed load sediment transport[END_REF]. The results show a mutation around a water discharge Q = 300 m 3 /s because this is the bankfull discharge at the studied cross section in the gravel-bed Toltén River. Using this formula together with the theoretical-experimental approach for the hiding factor, a slight difference in the model-predicted bedload transport discharge is obtained when a single and multiple sediment classes are used. The bedload transport discharge versus water discharge shows a mutation around the bankfull discharge. This result is consistent with the results of [START_REF] Liedermann | Insights into bedload transport processes of a large regulated gravel-bed river[END_REF].

It is also observed that the difference in the magnitude of bedload transport discharge is small when the hiding factor is parameterized using the relation proposed by [START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF]. When b = 0.12 and a value of coefficient b determined with Eq. 13 are used, the discrepancy in the magnitude of bedload transport discharge is 3.4 kg/s (for the Danube River data set) and 6.9 kg/s (for the Toltén River data set). These differences are about 6.6% and 13% of the observed magnitude of total bedload transport discharge at the river cross sections. These results are consistent with other studies [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF], which have

shown that sediment grain size does not significantly affect the model-predicted bedload transport discharge if the relation proposed by [START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF] is applied to incorporate relative size effects of non-uniform sediment mixtures.

For the Danube River data set, the use of the relation proposed by [START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF] for parameterizing the hiding factor yields a decrease in the model-predicted bedload transport discharge (in comparison to the results obtained from using a single grain size, see Fig. 11), which is consistent with results obtained in previous studies [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: The Danube River in Slovakia[END_REF][START_REF] Choi | Prediction of total sediment load in sand-bed rivers in Korea using lateral distribution method[END_REF]. However, for the Toltén River data set, the use of that relation for parameterizing the hiding factor results in an increase of computed bedload transport discharge (see Fig. 12). The reason for obtaining a contrary trend of model-predicted bedload transport discharge in the Toltén River data set is due to the use of sediment diameter for multiple classes in calculations. In order to render calculations as simple as possible, a value of 0.0009 m is assumed to be used as the sediment diameter in the first class (whose particle diameter is smaller than 0.002 m) while a value of 0.064 m is presumed to be applied as the sediment diameter in the sixth class (whose partical diameter is greater than 0.064 m). The use of such sediment diameter values reproduces a large value of bedload transport discharge in the first and sixth classes, and, thus, this results in an increase of total model-predicted bedload transport discharge in the river cross section. Moreover, the use of mid-range values as the sediment diameter in the second to fifth classes may be an additional reason for the contrary trend for the Toltén River data set.

The applicability of the 1D-LDM and recommendation for future work

As previously introduced, the 1D-LDM (without taking into acount effects of secondary flow) has been applied for a wide range of applications. [START_REF] Darby | Predicting stage-discharge curves in channels with bank vegetation[END_REF] used the 1D-LDM to reproduce the relation between flow depth and water discharge in a site-specific section of the Severn River (United Kingdom). [START_REF] Vionnet | Estimates of flow resistance and eddy viscosity coefficients for 2D modelling on vegetated floodplains[END_REF] applied the 1D-LDM for estimating the eddy viscosity coefficient in vegetated floodplains and in the main channel of a compound river cross section. The 1D-LDM also was applied to compute the flow component in a hydrodynamic-sedimentologic-morphologic model for the evolution of alluvial channel cross sections (Choi & Joung, 2011;[START_REF] Menéndez | An integrated hydrodynamicsedimentologic-morphologic model for the evolution of alluvial channels cross sections[END_REF]. [START_REF] Choi | Impact of floodplain vegetaion on the morphological change in the straight compound open-channel flow[END_REF] When the secondary flow is taken into acount in the 1D-LDM, there are two parameters, namely Manning's coefficient and K1 coefficient. Previous studies [START_REF] Bao | Dynamic correction of roughness in the hydrodynamic model[END_REF][START_REF] Shih | Seasonal variation of Manning's roughness coefficient in a subtropical marsh[END_REF] suggested that Manning's coefficient can be changed with the variation of flow depth. Further investigation of Manning's coefficient as a function of the flow depth will be considered in the future modelling effort for exploring the influence of roughness coefficients on bedload transport discharge. The influence of flow depth on the K1 coefficient will also be investigated using detailed data on secondary flow.

Bed morphology change can appear due to the erosion and deposition of sediment from or on, respectively, river bed in cross sections. Such bed evolution can affect the local flow velocity, water depth, and, consequently bed shear stress that in turn will affect estimation of the sediment transport rate. The effects of bed evolution on flow and sediment transport would be considered in the next stage of the research, with a morphological module that allows simulation of the temporal variation of bed elevation in river cross sections. In addition, to simulate sediment transport in a wide range of applications, suspended load should be included, and this will be done in future modeling efforts to consider suspended sediment together with bedload transport.

In terms of application of empirical formulae to compute the bedload transport rate, the formula proposed by [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF] appeared to be more appropriate for high water discharge as its derived for an observed data set. In the Toltén River data set, in which the bed shear stress is generally close to its critical value due to the low water discharge [START_REF] Martín-Vide | Bedload transport in a river confluence[END_REF], the formula proposed by [START_REF] Camenen | A general formula for non-cohesive bed load sediment transport[END_REF] appeared to be more appropriate. Again, this is because the formula allows for a non-zero bedload transport rate even when the bed shear stress is smaller than the critical bed shear stress value.

More laboratory and field measured data will be collected to enhance the accuracy and reliability of these formulae and to broaden their validity in application to a wide range of sediment transport studies.

Conclusions

Flow and bedload transport in a river cross section often present complex and dynamic processes due to the combined influences of various factors, such as topography, secondary flow, transverse transfer of momentum, and non-uniform sediment mixtures. In this study, the one-dimensional lateral distribution method (1D-LDM) and six bedload transport formulae were applied to simulate the hydrodynamic characteristics and bedload transport in cross sections of two gravel-bed rivers. The 1D-LDM successfully reproduced the flow in both observed data sets, with the RMSE of velocity and water discharge less than 8% of the observed magnitude, while the correlation coefficient between model predictions and observations was close to unity. Model predictions also showed an improvement in the flow velocity and water discharge when the secondary flow was included and the approximate value of the bed friction was used.

The model also was able to reproduce the observed bedload transport in cross sections of both gravel-bed rivers when a single sediment class with the median grain size d50 was utilized. Six classic formulae were applied to compute the non-dimensional bedload transport rate in the river cross section. Among these, the one proposed by [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF] accurately reproduced the bedload transport discharge for the Danube River data set, while the formulae suggested by [START_REF] Camenen | A general formula for non-cohesive bed load sediment transport[END_REF], Meyer-Peter and Müller (1948), and [START_REF] Wong | Reanalysis and correction of bed-load relation of Meyer-Peter and Müller using their own database[END_REF] performed best for the Toltén River data set.

For the case of non-uniform sediment mixtures, five and six sediment classes were used for the Danube River and Toltén River data sets, respectively. The results showed that the model-predicted bedload transport discharge varied depending on the method used for incorporating relative size effects of non-uniform sediment mixtures. The bedload transport discharge could change up to 22.5% of the observed magnitude of sediment discharge in the cross-sections. The formula proposed by [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF] and [START_REF] Camenen | A general formula for non-cohesive bed load sediment transport[END_REF] were found to be most suitable for the first and second observation data sets, respectively, if the effects of non-uniform sediment mixtures were taken into account. Using such formula, the relations proposed by [START_REF] Ashida | Study on hydraulic resistance and bedload transport rate in alluvial streams[END_REF] and [START_REF] Egiazaroff | Calculation of nonuniform sediment concentrations[END_REF] for parameterizing the hiding factor yielded more realistic model predictions in comparison with observations for the Toltén River data set, while the one proposed by [START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF] performs the best for the Danube River data set.

Tables Table 1. Different formulations for estimating the non-dimensional sediment transport rate. * This value is computed using the empirical relationship proposed by [START_REF] Soulsby | Dynamics of marine sands, a manual for practical applications[END_REF]. 

  used the 1D-LDM for investigating the effects of emergent vegetation on floodplains in a study related to the impact of floodplain vegetation on morphological change of straight compound open-channels while Choi and Lee (2015) applied the 1D-LDM to reproduce the flow velocity in predicting sediment load in sand-bed river cross sections. Note that the 1D-LDM is used under assumptions of steady and uniform flow and a horizontal water surface in river cross sections.

Fig. 1 .

 1 Fig. 1. Location and geometry of the cross section for the measured data set on the Danube River (modified after Camenen et al., 2011).

Fig. 2 .

 2 Fig. 2. Location and geometry of the cross section for the measured data set on the Toltén River (modified after Martín-Vide et al., 2015).

Fig. 3 .Fig. 4 .

 34 Fig. 3. Variation of water discharge versus: a) water level and b) flow velocity and c) water discharge at different given water levels in the river cross section, for the Danube River data set when using Manning's coefficient n = 0.026 and different K1 values.

Fig. 5 .

 5 Fig. 5. Lateral distribution of the bed and grain friction shear stress and water detph for the Danube River data set, with water discharges of: a) 1250, b) 1750, c) 2250, and d) 2750 m 3 /s. Black dots denote values estimated from field data together with the variation range.

Fig. 6 .

 6 Fig. 6. Lateral distribution of the bedload transport rate for the Danube River data set, with water discharges of: a) 1250, b) 1750, c) 2250, and d) 2750 m 3 /s. Black dots denote the values estimated from field data together with the variation range.

Fig. 7 .Fig. 8 .

 78 Fig. 7. Bedload transport discharge versus water discharge when using a single sediment class (d50 = 0.009 m) for the Danube River measured data set. The observed trend is obtained from the best fit of the observed data while the grey area indicates the observed (Obs.) variation range.

Fig. 9 .

 9 Fig. 9. Lateral distribution of flow velocity and unit water discharge at a given water level of 106.4 m (corresponding to water discharge of 890 m 3 /s), for the Toltén River data set.

Fig. 10 .

 10 Fig. 10. Bedload transport discharge versus water discharge when using a single sediment class (d50 = 0.019 m) for the Toltén River data set. The observed trend is obtained from the best fit of the observed data while the grey area indicates the observed (Obs.) variation range.

Fig. 11 .

 11 Fig. 11. Bedload transport discharge versus water discharge, using single and five sediment classes for the Danube River data set with: a) MPM, b) WP, c) Wu, d) CL, e) Ri, and f) AM formula. In each panel, the observed trend is obtained from the best fit of the observed data while the grey area indicates the observed (Obs.) variation range (note: Sim. = simulated).

Fig. 12 .

 12 Fig. 12. Bedload transport discharge versus water discharge, using single and six sediment classes for the Toltén River data set with: a) MPM, b) WP, c) Wu, d) CL, e) Ri, and f) AM formula. In each panel, the observed trend is obtained from the best fit of the observed data while the grey area indicates the observed (Obs.) variation range.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Diameter and fraction of grain sizes for investigating the influence of non-uniform sediment mixtures.

	Component			Sediment classes		Reference
	dj (m)	0.005	0.007	0.009	0.015	0.022	
	Danube River						Camenen et al.
	data set						(2011)
	Fraction (%)	23	23	23	23	8	
	dj (m)	0.0009	0.003	0.006	0.020	0.048	0.064
	Toltén River data						Martín-Vide et
	set						al. (2015)
	Fraction (%)	23	12.6	4.6	17	32.8	10

Table 3 .

 3 RMSE, MAE, and correlation coefficient, r, between model-predicted and observed water discharge when using different values of λ for the Toltén River data set.

			n = 0.026			n = 0.032	
	λ						
		RMSE (m 3 /s)	MAE (m 3 /s)	r	RMSE (m 3 /s)	MAE (m 3 /s)	r
	0.016	43	34.8	0.93	41.8	31	0.93
	0.067	43	34.6	0.93	41.8	31	0.93
	0.16	43.7	34.2	0.93	41.7	31.2	0.93
	0.45	45.6	33.3	0.93	41.6	32	0.93

Acknowledgements

This research is funded by the Vietnam National Foundation for Science and Technology Development (NAFOSTED) under grant number 105.06-2017.320. The authors are grateful to Prof. Camenen (IRSTEA, France) and Prof. Sergi Capagé (Technical University of

Catalonia, Spain) for sharing observations in the Danube and Tolten rivers, respectively used for the numerical simulations herein. The authors also would like to express their deep thanks to the Editor and five anonymous reviewers for their useful comments and suggestions with constructive criticism that have helped improve the draft of this paper.