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Abstract: Research on sediment transport has focused on large dams, whose impacts are more visibly dramatic.
The impacts of low-head dams, which are smaller and more numerous, have received less attention. It is partly
due to the challenges of modeling sediment transport in these environments, which requires high-resolution data
on flow dynamics and sediment properties. This work shows that there are tools allowing the acquisition of these
hydrometric data and that the hydro-morphodynamic models can integrate it. The study site is the Clain river
flowing through the Grand Poitiers municipality in the Vienne department (France), where low-head dams are in-
stalled at two key sites, Ilot Tison and Saint-Benoit, which pose potential barriers to sediment continuity. The
hydro-morphodynamics of the Clain river are studied by means of the software HEC-RAS. The numerical simula-
tions, performed in this work, show that the software HEC-RAS uses water flow and sediment transport equations
tailored to specific conditions of the Clain river, a plain river with low-head dams. The robustness of the turbulent
model and sediment transport laws present in the software HEC-RAS was checked for this river type. These numer-
ical simulations allowed us to elucidate the hydro-morphodynamic impacts of two low-head dams present at the
Saint-Benoit and Ilot Tison sites, on the Grand Poitiers municipality. For specific discharges exceeding the mean spe-
cific discharge of the Clain river, the low-head dams are bypassed. For specific discharges below the mean specific
discharge of the Clain river, disturbances in water flow and sediment transport occur locally around these low-head
dams. The occurrence of two phenomena, erosional narrowing and widening, depends on the height of the removal
dam, the specific discharge, and the volume of stored sediments upstream of the removal dam. Removing these two
low-head dams doesn’t disturb the hydro-morphodynamics of the Clain river at the large scale.
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1. Introduction

The continuity of sediment transport in river systems is fundamental to maintaining natural hydro-morphody-
namic processes, which are vital for biodiversity, water quality, and overall river health [1,2]. Sediment transport
governs the erosion, deposition, and formation of riverbeds, banks, and associated habitats, playing a key role in
ecosystem functioning and riverine landscape evolution [3,4]. Disruption of these processes can result in significant
ecological and geomorphological consequences, such as habitat degradation, altered sediment composition, and
destabilized river morphology [5,6].

Anthropogenic structures, such as weirs and dams, are among the most common causes of sediment transport
disruption in regulated rivers. These structures act as physical barriers, impeding the natural flow of sediments
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both upstream and downstream [7,8]. The cumulative impacts of these barriers have prompted extensive research
into the hydro-morphodynamic alterations they induce and the development of mitigation strategies to restore
sediment continuity and ecological balance [9,10].

France’s river systems exemplify these challenges, with approximately 60,000 hydraulic structures segmenting
river networks, a substantial proportion of which are low-head dams [11]. These structures that act like barriers
that do not exceed the elevation of the riverbanks and allow flow over their crests, accounting for 81% of France’s to-
tal number of dams [12,13], are often referred to as weirs, check dams, or small dams in scientific literature [13,14].
Low-head dams influence river dynamics by creating upstream zones of reduced flow velocity, leading to sediment
deposition, and downstream zones of accelerated flow, often resulting in scouring and sediment depletion [15,16].
This disruption of natural sediment transport can cause sediment accumulation upstream and loss of sediment
diversity downstream, with significant ecological consequences [17,18]. Moreover, these effects compound over
time, altering riverine habitats and reducing their capacity to support aquatic biodiversity [19,20].

Research on sediment transport has traditionally focused on large dams, whose impacts are more visibly dra-
matic and have been studied extensively over the past decades [7,8,21-23]. Large dams often cause significant
sediment trapping in reservoirs, leading to downstream sediment deficits and altered channel morphology [21,24].
However, the impacts of low-head dams, which are smaller and more numerous, have received comparatively less
attention despite their cumulative effects on river systems [14,16,25].

Low gradient river systems, which are sensitive to even minor disruptions, remain understudied despite their
ecological significance [26]. Several studies have highlighted the localized impacts of low-head dams on sediment
transport. For example, Kondolf et al. documented how such structures cause upstream sediment accumulation,
which can smother spawning habitats and reduce benthic organism diversity [15]. Similarly, research by Schmutz
and Moog emphasized how low-head dams disrupt sediment continuity, leading to scouring downstream and re-
duced sediment heterogeneity [10]. These studies underscore the importance of addressing the hidden effects of
small barriers, which collectively have a profound influence on river health.

Despite these findings, significant gaps remain in understanding the broader hydro-morphodynamic implica-
tions of low-head dams. This knowledge gap is partly due to the challenges of modeling sediment transport in
these environments, which require high-resolution data on flow dynamics and sediment properties [16,27,28]. To
address this gap, hydro-morphodynamic modeling has emerged as a powerful tool for analyzing sediment trans-
port in modified river systems. Software like HEC-RAS (Hydrologic Engineering Center’s River Analysis System)
enable researchers to simulate complex sediment transport dynamics by integrating field data on flow velocity and
sediment granulometry with sediment transport equations tailored to specific river conditions [16,29]. Recent
studies highlight the potential of HEC-RAS in predicting sediment deposition, erosion, and transport patterns in
the presence of hydraulic structures [30,31].

The software HEC-RAS is part of the large family of hydro-morphodynamic models based on Shallow-Water
equations [32]. In the natural environments such as lakes, rivers, estuaries, and coastal shores, these equations
describe the water flow with a free surface more or less accurately compared to the 3D Navier-Stokes equations,
depending on whether turbulence is taken into account or not [33]. The hydro-morphodynamic models built with
the classic Shallow-Water equations are not suitable for water flows with high fluctuating motions inducing tur-
bulence [34]. To introduce turbulence into the Shallow-Water equations, the starting point is to apply Reynolds
decomposition to the velocity components in the 3D Navier-Stokes equations [35]. In the averaged 3D Navier-
Stokes equations, the averages of velocity components and the Reynolds stress tensor appear [36,37]. To close the
system, it requires introducing equations for the Reynolds stress tensor [38]. The difference between the hydro-
morphodynamics models, such as the software HEC-RAS, is the level of complexity involved in writing these equa-
tions. The first-order models use the Boussinesq assumption that relates the Reynolds stress tensor to the average
strain by introducing the turbulent viscosity. The turbulent viscosity can then be estimated using the classical
Prandtl hypothesis [38] or the k-€ and k-w models [39,40]. The second-order models solve the Reynolds stress ten-
sor transport equation by introducing models for terms that cannot be calculated directly [40,41]. With two options
for modeling turbulence, the question arises as to under what flow conditions, characterized by an adimensional
number, the Froude number, each approach should be used [34,41]. The works by Ngatcha et al. show that the sec-
ond option should be used for flows with Fr > 1, as in the cases of hydraulic jumps and dam breaks [34,41]. Entering
into the first-order models, the software HEC-RAS introduces the turbulence in the Shallow-Water equations using
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the Smagorinsky model to estimate the turbulent viscosity [42]. For the sediment transport, the majority of hydro-
morphodynamic models combine the Shallow-Water and Exner equations [16]. The software HEC-RAS does the
same thing [43]. The recent works by Ngatcha et al. show that this coupling of Shallow-Water and Exner equations
may be faulty to describe the sediment transport in flows with high fluctuating motions [34,44,45]. Over high slopes
of the topography, high fluctuations of flow generate turbulence. It is a distorsion phenomenon. There is also the
phase-lag phenomenon. The difference between hydrodynamic time and sedimentary time can be explained by the
difference in water and bottom velocities. Having no turbulence terms, the classic Exner equation cannot describe
the two phenomena, distorsion and phase-lag. In 2025, Ngatcha et al. proposed to modify the Exner equation by
including the phase-lag effect and arbitrary slope sediment beds. This new hydro-morphodynamic model has been
tested in the dambreak case, where the failure of a dam generates a flow with high turbulence, inducing high erosion
of the bed behind the dam [45]. In light of recent advancements in Shallow-Water theory and sediment transport
theory, it is important to verify the robustness of modeling based on classic hydro-morphodynamic models, such
as the software HEC-RAS, to describe the water flow and the sediment transport in the rivers.

This study focuses on the Clain river flowing through the Grand Poitiers municipality in the Vienne depart-
ment (France), where low-head dams installed at two key sites, Ilot Tison and Saint-Benoit, pose potential barriers
to sediment continuity. It is not known whether these structures alter flow velocities, sediment deposition, and
erosion patterns, thereby disrupting the natural sediment transport processes along the river’s length. Although
previous research has examined the impacts of weirs on water flow [16,46], their specific influence on sediment
transport continuity in low-gradient rivers like the Clain river remains poorly understood. By integrating hydro-
metric data, such as ADCP flow velocity data and sediment granulometry, with HEC-RAS modeling, this research
aims to elucidate the hydro-morphodynamic impacts of these low-head dams under varying flow scenarios.

Restoration efforts have increasingly focused on mitigating the effects of hydraulic barriers through strategies
such as dam removal, sediment management, and riverbank stabilization [9,47]. For instance, studies on dam
removal have demonstrated the potential for rapid sediment redistribution and habitat recovery, as documented
by Doyle et al. in their work on the Elwha river [27]. However, the outcomes of such interventions vary depending
on site-specific conditions, including river gradient, sediment load, and flow regime [25].

In this study, two primary scenarios are simulated at each site, {lot Tison and Saint-Benoit, using the software
HEC-RAS: the current state with intact weirs and a hypothetical state without weirs, for various specific discharges,
Q = 8 m*/s (low flow), 25 m3/s (median flow), and 156 m?3/s (10-year return period flood flow). By comparing
these scenarios, the study assesses whether the low-head dams disrupt sediment transport continuity or lead to
localized sediment accumulation. In this work, there are three objectives: (1) to integrate hydrometric data, such
as ADCP flow velocity data and sediment granulometry, with HEC-RAS modeling, (2) to evaluate the robustness of
the turbulent model and sediment transport laws present in the software HEC-RAS to describe the water flow and
the sediment transport in the Clain river, (3) to assess the hydro-morphodynamic impacts of low-head dams of the
Clain river under different flow conditions.

Additionally, large-scale scenarios encompassing the area from Saint-Benoit to Ilot Tison at a specific discharge
of 25 m?/s are analyzed. Initial fieldwork involves determining the grain size distribution of the riverbed sediments
through a series of sediment sampling along the river and conducting sieve analysis and laser granulometry mea-
surements. This grain size distribution is a critical parameter for calibrating the software HEC-RAS. Flow velocity
measurements obtained using ADCP and current meters, along with specific discharge and water depth data from
the Pont-Neuf hydraulic station on the Clain river, are used to validate and refine the hydro-morphodynamic mod-
eling.

The structure of the paper is as follows. In Section II, we present the hydrometric data acquired in the field
and used in the calibration of the hydro-morphodynamic modeling. They are composed of the sediment bed gran-
ulometry, the flow velocity, and the DTM (Digital Terrain Model) maps. For each hydrometric data, the material,
the procedure, and the analysis are described. In Section III, we present the software HEC-RAS used for the hydro-
morphodynamic modeling. The physical and numerical models used in the software HEC-RAS are described. In sec-
tion IV, the calibration, validation, and scenario development of the hydro-morphodynamic modeling are described.
In Section V, we present the analysis of numerical results obtained with the software HEC-RAS. Two observation
scales are used: the local scale on the low-head dams located at the ilot Tison and Saint-Benoit sites, and the large
scale between these two sites. The last section is devoted to the conclusions and perspectives on the work.
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2. Hydrometric Data
2.1. Sediment Bed Granulometry

To initialize the sediment model within the software HEC-RAS, knowledge of the sediment granulometry of
the river bed is crucial. This granulometry gives the mass proportion of each sediment size class d. In the software
HEC-RAS, this granulometry serves as a surface layer on the bathymetry, enabling the estimation of solid discharge
for each sediment size class d [48].

The Clain river has a sinuous bed in its upstream part with numerous meanders and an average slope of 3%o.
Its downstream part is characterized by a low slope, less than 0.8%o [49,50]. By considering the classification of
channel patterns given by Brice and Blodgett, the Clain river is an equiwidth channel presenting degrees of braiding
and anabranching lower [51]. By considering the classification of alluvial channels given by Schumm, the Clain river
is a channel type with a mixed load. In relation to these two classifications, the bed of the Clain river is composed
of sand near banks and gravel near riffles [52].

In this work, the granulometric measurements are limited to surface measurements [53-55]. Using a boat,
sediment samples were taken along the Clain, with a higher density of samples at the flot Tison and Saint-Benoit
sites (see Figure 1a). To sample river sediments, the following equipment is used: a sediment corer, a shovel, and a
Van Veen grab sampler. Using a 30 kg corer in deep areas proved to be difficult and inefficient, so it was abandoned
after trials. For shallow parts of the river with direct access, a shovel was used to sample sediments directly from
the bed. For deeper parts of the river, the 2L Van Veen grab sampler (surface area of 250 cm?, approximately 10
kg) was used (see Figure 1b [56]). It consists of two semi-circular stainless steel jaws. The sampler is lowered
slowly until it touches the riverbed. Once it has touched the bottom, the rope is pulled to close the jaws and trap
the sediments inside. This equipment allows only to collect the sand [54,55].

Figure 1. Equipment used to measure the sediment granulometry. (a) boat; (b) Van Veen sampler; (c) oven; (d)
sieve column.

The next phase involves drying these samples in an oven at a temperature of 105 °C for 24 h (see Figure 1c).
After drying, the bulk density of the sample is determined according to the method of water displacement. A sieving
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analysis is then performed on the dry sample to deduce the mass proportion retained on each sieve, resulting in a
granulometric curve that presents the cumulative passing percentage P for each sediment size class d (see Figure
1d) [53-55]. As shown in Figure 2b, the upstream samples, from 1 to 6 at the Saint-Benoit site, are composed
of 60 to 70% coarse sand. Meanwhile, downstream at the Ilot Tison site, the coarse sand is around 20% for the
samples 14, 15, and 16. Figure 2a presents two examples of sediment samples. In Figure 3, the granulometric
curves, samples 1 to 6, are from upstream and are composed of coarse sand and a small fraction of gravel, which
can vary between 1% and 10%. Meanwhile, downstream, the granulometric curves, samples 14, 15, and 16, show
that the samples are mainly composed of fine sand (45%), medium sand (35%), and coarse sand (20%).

Distribution map of sediments samples for the granulometric 4
analysis between the Saint Benoit and Tlot Tison sites A
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Figure 3. Measured granulometry of sediment samples (identical sample numbers between Figures 2 and 3).
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2.2. Flow Velocity

One of the key factors in ensuring the calibration of the software HEC-RAS is measuring the flow velocity norm
atvarious points in the water column and cross-sections of the river. This process requires the use of two measuring
instruments, the current meter (see Figure 4a) and the ADCP (see Figure 5a) [57].
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Figure 4. Current meter (a) used to measure the norm of the flow velocity U (m/s) along a vertical profile (b).
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Figure 5. ADCP (a) used to measure the norm of the flow velocity U (m/s) on a cross section (b).

The current meter allows manual measurement of the flow velocity norm at various points in the water column
within the river (see Figure 4a). In this work, the current meter EMC4 from COMETEC was used, with a precision of
+0.005 m/s and a measuring range between 0 and 4 m/s. Its operation is based on the principle of electromagnetic
induction, which allows it to measure the velocity norm. The current meter includes a rod with the measuring
sensor attached. The operator can walk into the river, position the current meter at predetermined points, and
lower the sensor vertically to measure the velocity norm at different depths at the same point. In this way, a vertical
profile of the flow velocity norm can be obtained (see Figure 4b). The average Um of the flow velocity norms (m/s)
is estimated using the following formula: Uy, = 0.25 (Uy 02 + Unos + 2 Uno4): Uno2 Uno4, and Uy, g g are averages
of the water velocity norm measurements at 20%, 40%, and 80% of the water depth, respectively.

The ADCP consists of a sensor attached to a drone boat, which navigates across the river while sending mea-
surement data to a connected computer (see Figure 5a). The ADCP is a sophisticated tool used to measure flow
velocity norms in rivers and other watercourses. It uses Doppler technology to obtain measurements of the flow
velocity norm at different depths, allowing the creation of sections of flow velocity norms at various locations in
the river (see Figure 5b). One of the main advantages of the ADCP is that it allows measuring water velocities over
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a wide range of depths (up to 7 m) without deploying multiple sensors at different depths. In this work, the mea-
surements were carried out with the TELEDYNE MARINE StreamPro ADCP, with a precision of +1% of the water
velocity. From a section of the measured flow velocity norm, information is estimated. The arithmetic mean of the
flow velocity norms measured with the ADCP over a cross-section gives an overall mean flow velocity norm Umg

(m/s).
2.3. DTM Maps

In this work, version 3.16 of the software QGIS was used to create the computational domain from the DTM map,
which is an essential input for the software HEC-RAS. Two sources are used to obtain these DTM maps [16,58]. The
firstis from Grand Poitiers, and the second is from the IGN (National Institute of Geographic and Forest Information).
These maps are created with a grid using a spacing of 1 m. They are produced using surveys obtained by airborne
LIDAR, which has a precision of +20-70 cm. LIDAR is a system that detects light to measure distance. The IGN DTM
map has a measurement resolution ranging from 0.2 to 0.7 m in Lambert 93, which corresponds to a pixel size of 1
x 1 m [59]. The Grand Poitiers DTM map also has a resolution of 1 x 1 m in Lambert CC47.

It is important to note that the Grand Poitiers DTM maps provide accuracy concerning the riverbed, while
the IGN DTM maps are distinguished by their accuracy regarding the banks [16] (see Figure 6). This difference
is because the IGN DTM maps were created in winter, when the water level in the river is high, while the Grand
Poitiers DTM maps were created when the water level is lower during low-flow conditions. Since each DTM map,
Grand Poitiers and IGN, contains information that is missing from the other, merging the two DTM maps is necessary
while retaining the best-represented parts of each map (see Figure 6). To modify the DTM map, software QGIS
(Quantum Geographic Information System) is used [58]. QGIS is a user-friendly and open-source spatial software
capable of processing and storing data. QGIS allows users to visualize, edit, print, and analyze geospatial data. For
more complex geographic analyses, users can also utilize plugins and algorithms integrated into the software. QGIS
is employed to merge the two DTM maps by leveraging its capability to combine two geospatial datasets.
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Figure 6. DEM map (a) obtained by the fusion of DEM maps of IGN and the Grand Poitiers community, and topo-
graphic profile A-B associated (b).

3. Software HEC-RAS

This work uses version 6.3.1 of HEC-RAS 2D, free software not open source, developed by the U.S. Army Corps
of Engineers since 2016 [48,60].
3.1. Flow Model

In HEC-RAS 2D, the river flow is governed by the averaged Shallow-Water equations with the Smagorinsky
turbulence model [61,62]:

% + V- (hﬁ) =0 (1)
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@ +v- (i) = —gh% - ;L; +v- (8,7 (ni)) 2)
@ +v-(hvit) = —gh% - T:—j +v-(9,v (h%)) 3)

where h (m) is the water height, Land v (m/s) are the components of depth averaged velocity ﬁ, g (m/s?) is the
gravity acceleration, hy (m) is the river bed bathymetry, 7, and 75, (Pa) are the components of the shear stress 7,
p. is the water density (kg/m?), and v, (m?/s) is the turbulent viscosity. The shear stress 7, is estimated with the

Manning’s formula [63]:
2

T ala T Al n
ﬂ=CD u|uandﬂ=CD |u|vwithCD= ;g (4)
w Pw R3

where Cp, is the drag coefficient, n is the Manning’s roughness coefficient (s/m'/3) and R is the hydraulic radius (m).
HEC-RAS 2D uses the Smagorinsky turbulence model, a zero-equation turbulence model [42,64]. The Smagorinsky
model defines turbulent viscosity as being proportional to the grid size and the velocity gradient magnitude:

~\ 2 ~\ 2 ~ ~
sl = ou oy on  ov
9, = Du.h+ (C,A) |5| with |5| - 12(5x) *2l5) * 5 e (5)

where D is the dimensionless mixing coefficient tensor, u, (m/s) is the shear velocity, Cs is the dimensionless
Smagorinsky coefficient (approximately between 0.05 and 0.2), 4 (m) is the filter width equal to the local grid
resolution, and |§| is the strain rate (s~1). The first term Du-h represents turbulence produced by vertical shear

and the second term (C,A) 2 |§| represents turbulence produced by the horizontal shear of the flow.

For the 2D flow domain to analyze unsteady flow, the software HEC-RAS utilizes two boundary conditions [65,66].
An upstream boundary condition is incorporated at the beginning of the Clain river. This upstream boundary
condition is required at the upstream end of all reaches that are not connected to other reaches. It demands the
flow data, provided in the form of a hydrograph, a time-series discharge file. The downstream boundary condition
restricts the specific discharge at the tail end of the Clain river. It is required at the downstream end of all reaches
that are not connected to other reaches. The normal depth is used to set the downstream boundary condition. It
assumes that the river was flowing uniformly at the downstream boundary. The stage of each computed flow is
evaluated with Manning’s equation. It requires entering a friction slope. The slope of the water surface is often
a good estimate of the friction slope; however, this is hard to obtain ahead of time. The average bed slope in the
vicinity of the boundary condition location is often used as an estimate for the friction slope. Initial conditions were
imposed at nodes located in the river by defining the starting water surface elevation.

3.2. Sediment Transport Model

HEC-RAS 2D models sediment transport using a total-load transport equation for the total concentration of
sediments, where bedload and suspension are calculated within the same equation using empirical formulas [30,31]:

0 (thk
ot \ Bk
where Ct; (kg/m?) is the total-load sediment concentration, B¢ is the total-load correction factor, &, (m?/s) is the
total-load diffusion coefficient, Ey, (kg/m?/s) is the total-load erosion rate in hydraulic flow, and Dy (kg/m?/s) is
the total-load deposition rate in hydraulic flow for the k grain class.

The total-load horizontal diffusion coefficient &, is determined as:

) + V' (hﬁctk) = V' (stkhvctk) + Etk - Dtk (6)

i CMu*h
ek =Tk Egp + (1 — 7o) Epg With ggp = — and &py = Cpu.dy (7)
sk
where 7y, is the fraction of suspended-load, &5, (m?/s) is the suspended-load mixing coefficient, &), (m?/s) is the
bed-load mixing coefficient, Cy; is an empirical coefficient equal to 0.5 to 6, g, is the Schmidt number, C is an

empirical coefficient equal to 5, d; (m) is the grain size diameter for the k" grain class.
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The total-load correction factor f3; is given by:

h
1 [ ucpdz Upk
with =22 " and =— 8
rsk/ﬂsk + (1 _rsk) /ﬁbk BSk ﬁbk ( )

Uc, U
where rg, is the fraction of suspended sediment concentration, fis; is the suspended-load correction factor, S,y is
the bed-load correction factor, u,,is the bed-load velocity (m/s), U (m/s) is the depth-averaged current velocity,
u (m/s) is the current velocity, C; (kg/m3) is the averaged sediment concentration and ¢, (kg/m?) is the current
sediment concentration for the k™ grain class. The bed-load velocity uy is the average particle velocity during
transport given by Van Rijn (1984) [67]:

Ber =

0.6
u T
2k -15 max( b —1> 9)
4/ ngdk TCTk

where R, is submerged specific gravity for the k' grain class, 7, (kg/m/s?) is grain-related bed shear stress and
terk (kg/m/s?) is the critical bed shear stress for the k" size class.

The fraction ry, of suspended sediment concentration for the k™ grain class is calculated using the equation of
Van Rijn [67]:

qsk Uy
ta, = —=0.25+0.325In 10
ok Atk (Wsk) (10)

where gqand ggare the total-load and suspended-load transport rates (kg/m/s), and wg, (m/s) is the settling ve-
locity for the k™' grain class.
The estimation of fractional bed changes is carried out using the Exner equation, written for each grain class:

oh : cr
poic (1= 0,) (22) =Dy — By + V- G |l Vho) with ko = 05 [—Terk— (11)

where pg, (kg/m?) is the sediment density, ¢, is the porosity of the eroded and deposited material, k, is the di-
mensionless empirical bed slope coefficient approximately equal to 0.1 to 0.5, g, (kg/m/s) is the mass transport
rate of bedload, T (kg/m/s?) is the critical shear stress for the k, grain class, and T, (kg/m/s%) is the bed skin
shear stress. The last term on the right-hand side of the above equation accounts for bed-slope effects. The total
bed change is defined as the sum of the fractional bed changes.

The total-load erosion rate E,, is given by:

Etk = fik Extx With Evex = Tnga Eangpex + Tssa Eusstk (12)

where f is active grain class fractions by weight, E,;, (kg/m?/s) is potential erosion rate, 7y, is the fraction of
horizontal area corresponding to sheet and splash erosion, 73,5, is the fraction of horizontal area corresponding
to hydraulic flow erosion, E,s (kg/s/m?) is the sheet and splash erosion potential and Enfer (kg/s/m?) is the
hydraulic flow erosion rate.

The total-load deposition rate Dy in hydraulic flow is given by:

Dtk =Tnfa Dekng With Dexng = @pieWsi Ceie (13)

where 73,7, is the fraction of horizontal area corresponding to hydraulic flow erosion, Dy, s (kg/s/m?) is the hy-
draulic flow deposition rate, a; is the adaptation coefficient, wg, (m/s) is the sediment settling velocity and C
(kg/m?3) is the sediment concentration potential.

For the sediment transport, the equilibrium boundary condition has been used on the external boundary of
the computational domain because data is not available. This boundary condition specifies the inflow sediment
load as the equilibrium sediment load. The equilibrium sediment load is computed as the equilibrium sediment
concentrations at the boundary cells times the face flows. This approximation essentially assumes a zero-gradient
concentration normal to the boundary. Initial conditions were fixed at nodes located in the river by imposing the
zero total-load sediment concentration.
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4. Numerical Modeling
4.1. Flow Calibration

To calibrate the software HEC-RAS, Manning’s roughness coefficient n (see Equation (4)) was modified several
times with values ranging from 0.025 s/m?/3 to 0.035 s/m'/3, typical for river environments [68]. This calibration
aimed to obtain flow velocities in the numerical results that closely matched field measurements across all studied
cross-sections. The best-calibrated Manning’s roughness coefficient n was 0.035 s/m'/3. These values align with
those expected for a lowland river such as the Clain [46]. A single Manning’s roughness coefficient n = 0.035 s/m'/3
was applied uniformly across the model domain.

The first calibration was performed on the Saint-Benofit site, where a numerical simulation was conducted for a
specific discharge of 4 m3/s. The flow velocity measurements were taken at various cross-sections using the current
meter (see Figure 7c). The second calibration took place at the flot Tison site, where a numerical simulation was
performed for a specific discharge of 8 m®/s. This value was measured in situ using the ADCP. The flow velocity
measurements were taken at several cross-sections, both upstream and downstream of the weir (see Figure 7b).

Flow direction
Transect 4
Transect 3
Transect 1 "
llot Tison (b)

Transect 2

Flow direction

Transect 3

Saint Benoit

(c)

Figure 7. Global study zone (a), located between the two low-head dams of the Ilot Tison (b) and Saint-Benoit (c)
sites, with the location of the flow velocity norm measured with the current meter on the Saint-Benoit site and the
ADCP on the ilot Tison site.

Figure 8a illustrates the average flow velocity distribution along transect 1 at the Saint-Benoit site. It demon-
strates the software HEC-RAS's ability to simulate hydraulic conditions. When comparing the numerical data with
actual field measurements, significant agreement was observed. The relative error, expressed as a percentage,
ranged between 3% and 8%, which is considered acceptable for numerical simulations. Figure 8b shows the global
average flow velocity Umg (m/s) obtained using the ADCP and HEC-RAS simulations for each cross-section at the
flot Tison site. The remarkable consistency between the two methods confirms the validity of the numerical model
and the relevance of the calibration process. The simulations successfully replicate the observed field hydraulics in
a highly satisfactory manner.
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Figure 8. Mean flow velocity Um (m/s) for the longitudinal transect 1 with a specific discharge Q = 4 m3/s on the
Saint-Benoit site (a) and mean global flow velocity Umg (m/s) for sections with a specific discharge Q =8 m3/s on
the flot Tison site (b).

Note: red circles: field data and blue stars: HEC RAS software.

4.2. Robustness of Turbulent Models

To verify the turbulent Smagorinsky model used in the software HEC-RAS, a comparison was performed be-
tween the software HEC-RAS and the hydro-morphodynamic model HYDROSEDFOAM. HYDROSEDFOAM was de-
veloped by Zhu et al. within the OpenFOAM framework [69]. Being open-source, various turbulence models were
implemented in HYDROSEDFOAM: without turbulence, the Prandtl model [38] and k-¢ model [39]. Giving high flow
velocities, the specific discharge Q = 156 m3/s, corresponding to a ten-year flood in the Clain river, was simulated
on the Tlot Tison site. Figures 9 and 10 present the water height h and the velocity components, % and ﬁ, along a
transect located on the weir. The transect was chosen to cross the weir because it is at the weir that the fluctuating
motions are greatest due to the presence of a waterfall (see Figure 10). It can be seen that the no-turbulence model
and Prandtl model can lead to errors in the estimation of water height h and specific discharge Q. The two turbu-
lence models, Smagorinsky and k-¢, give identical results. This numerical study complements the works of Ngatcha
et al. on the consideration of turbulence in the Shallow-Water equations [34,41]. This work focuses on the Clain
river, which is considered a plain river with low-head weirs. The nature of the flow is different from that studied
by Ngatcha et al., hydraulic jump and dam break [34,41]. In Figure 11, the Froude number Fr = U/(gh)'/?, with U
(m/s) the norm of depth-averaged velocity, was estimated along the transect considered. For the specific discharge
Q = 156 m3/s, a peak in the Froude number Fr is observed at the weir due to the waterfall, without exceeding the
threshold of 1.2. The turbulent water flow is supercritical only at the weir. The Clain river is in a river flow config-
uration rather than a torrential flow configuration. The values of Fr explain why the Smagorinsky and k-¢ models
remain robust for studying the hydro-morphodynamics of the Clain river.
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Figure 9. Water depth h along the transect obtained with different turbulent models.
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Figure 10. Components of the depth-averaged velocity, uand 6, along the transect obtained with different turbulent
models.
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Figure 11. Froude number Fr along the transect.

4.3. Sediment Transport Validation

In the scientific literature, there are several empirical relations for estimating the entrainment rate cae of non-
cohesive sediments into the river-bed for uniform material. In this work, we have compared the numerical results
obtained with the software HEC-RAS to the relation developed by Van Rijn [67,70]:

1.5
o

0.3

*

gR T~ Ter

v2

1/3
cae = 0.0157S with D, = DS< > R =%5—1 and S,= (14)

Ter

where Ds (m) is the grain size, a (m) is the reference level assumed to be equal to half the bed-form height, g (9.81
m/s?) is the gravity acceleration, V (10°® m?/s) is the kinematic viscosity of water, p; (2650 kg/m3) is the sediment
density, p (1000 kg/m?) is the water density, T (Pa) is the bed shear stress and 7., (Pa) is the critical Shields stress.
The Ds value is fixed to D50 of granulometric curves of sediments samples taken between the Saint-Benoit and flot
Tison sites, D50 = 0.001 m (see Figure 3). In the numerical simulations performed with the software HEC-RAS,
the thickness of the river-bed is fixed to 0.2 m, a = 0.1 m. The critical Shields stress 7., is given by the Shields
diagram [71]. The bed shear stress 7 is given by the numerical simulations performed with the software HEC-RAS.
Figure 12 gives the values of cae obtained by the Van Rijn’s relation and the software HEC-RAS. To quantify the
gap between the Van Rijn’s relation and the software HEC-RAS, the two parameters used in the work by Garcia and
Parker, mean of the discrepancy ratio Me and the mean absolute deviation of the discrepancy ratio Ad, are used
here [70]:

(15)

b1 1 no cae HEC — RAS
Me=10°" with b1 = —Z log ,
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cae analytical solution
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We obtained Me = 1.5 and Ad = 2.53. It follows that perfect agreement is indicated by Me = 1 and Ad = 1. In the
work by Garcia and Parker, the comparison between Van Rijn’s relation and the experimental data available in the
literature has given Me=1.31and Ad =2.19 [70]. We can conclude that the software HEC-RAS gives a good prediction
of the cae.
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Figure 12. Comparison of numerical results obtained with the software HEC-RAS versus predictive values obtained
with Van Rijn’s relation.

Figure 13 presents the longitudinal profile of median grain size D50 of river-bed material between the two low-
head dams. The blue and red circles correspond to values of D50 obtained with the granulometric curves given in
Figure 3 and the software HEC-RAS, respectively. For the measurement data, the values of D50 are taken from sam-
ples located in the middle of the Clain river. The software HEC-RAS gives numerical results close to measurement
data. We can note that the longitudinal profile is gradually changing down the river. The river-bed material is fine
downstream. As sediments are carried downstream by the Clain river, sediments that characterize the river-bed
material evolve, getting finer. This pattern has been well documented in natural river systems, and grain size fining
is typically described as exponential [72-74]. The longitudinal profile of median grain size D50 doesn’t present
discontinuities, showing thus that the sediment continuity is maintained between the two low-head dams present
on the Saint-Benoit and flot Tison sites.
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Figure 13. Longitudinal profile of the median grain size D50.
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4.4. Scenario Development

The studied scenarios are classified into two families corresponding to two observation scales, local around
low-head dams (see Figure 7b) and large between low-head dams (see Figure 7a). At the local scale, two scenar-
ios were simulated on each site. This first scenario simulates the current conditions without modifications. This
serves as a baseline for comparing the potential impacts of planned structural modifications. The second scenario
simulates the situation where the low-head dam is completely removed. This hypothetical situation allows us to
assess the maximum consequences of such an intervention on the hydro-morphodynamics of the Clain river. For
each scenario, three specific discharges were simulated: Q = 8, 25, and 156 m?3/s. It represents a realistic range
of flows encountered. The local scale allows us to understand finely how modifications to low-head dams could
alter the hydro-morphodynamics of the Clain river around low-head dams, and to study the length of the Clain river
200 m on the Saint-Benoit site and 400 m on the Ilot Tison site. For the large scale, two scenarios were simulated
with a specific discharge Q = 25 m?3/s. The first scenario is based on the current configuration, with the low-head
dams present at the flot Tison and Saint-Benoit sites. This serves as the reference state. In the second scenario, the
low-head dam at flot Tison is removed. By comparing this scenario with the current state, the impact of removing
the low-head dam at flot Tison can be studied. The large scale allows for assessing the impact of modifications to
the low-head dam at flot Tison on the hydro-morphodynamics of the Clain river between the two low-head dams,
studied length of the Clain river 6000 m.

For all the scenarios, the river bed is assumed to be composed of sand, based on granulometry from sam-
ples taken directly at the sites, according to the existing data (see Figure 3). Not having information, the bed
is arbitrarily fixed to 0.20 m thick with an equilibrium condition at the inlet. Regarding the hydrographs of wa-
ter depth h and specific discharge Q on the Clain river available on the website of the French agency Vigicrues
(https://www.vigicrues.gouv.fr), a simulated real-time of 7 days is sufficient to observe the hydro-morphodynamics
of the Clain river. Performing numerical simulations is time-consuming. In order to reduce the time cost of this mod-
eling, the software HEC-RAS allows the use of a morphological acceleration factor [48]. Assuming that morphody-
namic evolution occurs at longer time scales than the hydrodynamic processes, the morphologic acceleration factor
applies a scalar multiplier to the sediment transport equations [75-77]. From a sensitivity study, a morphological
acceleration factor of 8 was fixed, reducing the CPU (Central Processing Unit) time while maintaining the hydro-
morphodynamics of the Clain river. For the computational domain, the mesh used is composed of 47,000 cells for
the flot Tison site, 14,000 cells for the Saint-Benoit site, and 150,000 cells for the large scale. All the numerical
simulations ran on a machine equipped with two Intel(R) Xeon(R) E5-2683 v4 processors @ 2.GHz, with 25GB of
RAM. Each processor has 16 cores. The total CPU time for all the numerical simulations is approximately 48 h for
the Ilot Tison site, 16 h for the Saint-Benofit site, and 7 days for the large scale.

5. Numerical Results
5.1. Local Scale
5.1.1. ilot Tison Site

Regarding the spatial distribution of the flow velocity norm Um (m/s) for the current state with the different
values of the specific discharge Q considered (see Figure 14a), zones of acceleration and deceleration of the flow
velocity are observed at the upstream of the low-head dam, caused by natural variations in the river width. An
acceleration of the flow velocity is locally present at the left side of the low-head dam. The velocity norm Um is
0.7, 1.5, and 2.1 m/s for the specific discharges Q = 8 (A), 25 (B), and 156 (C) m?/s, respectively. The low-head
dam causes a reduction in the river width, leading to a local acceleration of the flow velocity upstream of the low-
head dam, specific discharge being maintained. When the low-head dam is removed, the flow velocity significantly
increases at the low-head dam location for specific discharges Q < 25 m3/s (see Figure 14b). It is induced by the
decrease in the water height h. For specific discharges Q > 25 m3/s, the presence or absence of the low-head dam
disturbs the flow velocity much less. The low-head dam is bypassed for specific discharges Q exceeding 25 m?/s.
Additionally, by removing the low-head dam, the natural flow direction of the Clain river in a meander is restored.
An acceleration of the flow velocity is present in the middle of the low-head dam. On the river banks, a deceleration
of the flow velocity can be observed. This phenomenon is induced by the modification of the flow section at the
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location of the low-head dam when the latter is removed. This phenomenon can be observed over a hundred meters
before and after the location of the low-head dam.

Velocity (mis) s 4 - ; AUm (m/s)
0.00 - L 5 -04
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Flow
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Figure 14. Flow velocity norm Um (m/s) for the current state (a) and difference AUm (m/s) between the flow
velocity norms with and without the low-head dam (b) for specific discharges Q = 8 (A), 25 (B), and 156 (C) m3/s,
on the flot Tison site.

In the current state, the spatial distribution of erosion (4z < 0 m, red colors) and deposition (4z > 0 m, blue
colors) shows, upstream and downstream of the low-head dam, the natural hydro-morphodynamics of the Clain
river (see Figure 15a). An alternation of erosion and deposition zones is observed, which is found in low-slope
plains rivers whose bed consists of sands and gravels. The size of these erosion and deposition zones depends on
the specific discharge Q. At the start of the low-head dam, an erosion zone is observed corresponding to the zone
where there is an acceleration of the flow velocity. The eroded sediments then accumulate at the low-head dam.
The intensity of this phenomenon depends on the specific discharge Q. For Q > 25 m3/s, the sediment accumulation
on the upstream face of the low-head dam disappears. Sediment continuity is then ensured. Without the low-head
dam, the Clain river resumes its meandering river behavior (see Figure 14b). Erosion becomes more intense on
the outer sides of bends. This erosion is more intense for specific discharges Q < 25 m?®/s because the presence of
the low-head dam disturbs the river’s hydrodynamics more for these same specific discharges. At the location of
the low-head dam, an erosion zone replaces the deposition zone.

5.1.2. Saint-Benoit Site

Figure 16 presents the spatial distribution of the Um norm (m/s) of flow velocity in the current state (left)
and the difference in the AUm norm (m/s) of flow velocity between with and without the low-head dam (right) for
specific discharges Q = 8 (A), 25 (B), and 156 (C) m3/s at the Saint-Benoit site. The spatial distribution of Um shows
that the flow velocity is low at the upstream of the low-head dam and intensifies after the low-head dam, reaching
a maximum downstream of the canoe-kayak club (see Figure 16a). This is explained by the river’s morphology.
The Clain river is wider upstream of the low-head dam, reducing its flow velocity for the same specific discharge.
The spatial distribution of AUm shows that removing the low-head dam would increase the flow velocity upstream
and downstream of the low-head dam (see Figure 16b). It is induced by the decrease in the water height h. The
flow section is reduced. Unlike at the ilot Tison site, this acceleration occurs across the entire width of the Clain
river. We can also observe a deceleration of the flow velocity at the old location of the low-head dam. At the canal

63



Journal of Hydrological Ecology and Water Security | Volume 01 | Issue 01

passing under the canoe-kayak club, for flows exceeding 25 m3/s, a decrease in flow velocity is observed because
the river flow direction primarily shifts towards the river’s main branch when the low-head dam is removed (see
Figure 16b).
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Figure 15. Bathymetric variation 4z (m) with the current state (a) and difference 4h0 (m) between the bathyme-
tries with and without the low-head dam (b) for specific discharges Q = 8 (A), 25 (B), and 156 (C) m3/s, on the ilot
Tison site.
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Figure 16. Flow velocity norm Um (m/s) for the current state (a) and difference AUm (m/s) between the flow
velocity norms with and without the low-head dam (b) for specific discharges Q = 8 (A), 25 (B), and 156 (C) m3/s,
on the Saint-Benoit site.
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On the spatial distribution of bathymetric variation 4z (m) (see Figure 17a), it is observed that the zone di-
rectly upstream of the low-head dam shows a deposition zone whose intensity depends on the specific discharge.
After the low-head dam, the natural hydro-morphodynamics of the Clain river resume, with an alternation of ero-
sion and deposition zones whose size depends on the specific discharge Q. This is explained by the hydrodynamics
imposed by the low-head dam. The low-head dam slows the flow upstream, creating a deposition zone upstream.
Furthermore, after the low-head dam, the Clain’s width narrows, causing an acceleration of the flow velocity. Re-
garding bathymetry differences between with and without the low-head dam (see Figure 17b), the spatial distribu-
tion shows a difference in the hydro-morphodynamics between discharges below and above 25 m?/s. For specific
discharges Q < 25 m3/s, removing the low-head dam does not disturb the sediment transport upstream of the low-
head dam location. For specific discharges Q > 25 m3/s, the opposite is observed. For all the specific discharges,
after the low-head dam location, a deposition zone appears.

cocoo
2283
& ¢

0
-0.0
-0.1
-0.2
v

Flow
direction

(a) (b)

Figure 17. Bathymetric variation 4z (m) with the current state (a) and difference 4h0 (m) between the bathyme-
tries with and without the low-head dam (b) for specific discharges Q = 8 (A), 25 (B), and 156 (C) m3/s, on the
Saint-Benoit site.

5.2. Large Scale

For the current state, Figures 18a and 19a present the spatial distribution of the Um norm (m/s) of flow
velocity, and bathymetric changes 4z (m). Comparing these figures with those obtained for the same physical quan-
tities at the local scale on the flot Tison and Saint-Benoit sites validates the large-scale numerical simulations. Even
though the mesh between the two observation scales is not perfectly the same, it can be seen that the large-scale
simulated hydrodynamics of the Clain river is the same as that simulated at the flot Tison and Saint-Benoit sites (see
Figure 18a zooms on the sites). Between the two sites, the flow of a low-slope meandering plains river is observed,
with zones of acceleration and deceleration of the flow velocity (see Figure 18a). The large-scale simulated bathy-
metric changes Az at the low-head dams of the lot Tison and Saint-Benoit sites are identical to those simulated at
the local scale for the same sites (see Figure 19a zooms on the sites). Between the two sites, the morphodynamics
of alow-slope meandering plains river are observed. An alternation of erosion (4z < 0 m, red colors) and deposition
(4z > 0 m, blue colors) zones is observed (see Figure 19a).
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Figure 18. Flow velocity norm Um (m/s) with the current state (a) and difference AUm (m/s) between the flow
velocity norms with and without the low-head dam at the Ilot Tison site (b) for the specific discharge Q = 25 m3/s,

at the large scale.
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Figure 19. Bathymetric variation 4z (m) with the current state (a) and difference 4h0 (m) between the bathyme-
tries with and without the low-head dam at the lot Tison site (b) for the specific discharge Q = 25 m3 /s, at the large

scale.
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In Figures 18b and 19b, giving the difference maps for the flow velocity norm AUm (m/s), and bathymetry
AhO (m), respectively, between with and without the low-head dam at the {lot Tison site, it is observed that the
impact of removing the low-head dam is local around the low-head dam, while there is no difference over the entire
river. The Saint-Benoit site is not affected by the removal of the low-head dam at the {lot Tison site. In Figure 18b,
the Um norm of flow velocity increases in the middle of the channel at the low-head dam location after its removal,
and the Um norm of flow velocity decreases on the sides at the same location. This observation is the same as that
of the local-scale numerical simulations. By removing the low-head dam, the Clain river regains its natural flow at
the meander location. In Figure 19b, erosion on the upstream side of the low-head dam increases, and deposition
on the downstream side decreases after the low-head dam’s removal. This is due to the increase in velocity at this
location with the removal of the low-head dam. The impact of the low-head dam on the bathymetry h0 remains
local around the low-head dam.

In the scientific literature, there are some works that address the problem of the low-head dam removal. In
2004, Cantelli et al. performed experiments in a canal to study the disruptions induced by a dam removal to a uni-
form sand bed [78,79]. An erosional narrowing (rapid reduction of channel width) was observed as soon as the
dam was removed. An erosional widening (slow increase in width accompanying degradation) appeared after a
second step. The erosional narrowing was interpreted as an upstream-advecting perturbation associated with a
kinematic wave with finite speed along the incising channel [80]. In 2010, Ferrer-Boix et al. performed experiences
similar to those of Cantelli et al. [78-80]. They studied the mechanisms observed by Cantelli et al. in a canal filled
with a non-uniform sediment mixture made of sand and gravel [78,79]. The dam was composed of three slats that
were sequentially removed, allowing the remaining height to control the response of the river to removal. They
concluded that the upstream degradation rates can be described by a power function of a dimensionless time that
accounts for water discharge and dam height. In 2003, Doyle et al. proposed a conceptual channel evolution model
that summarizes the disruptions induced by a dam removal to a river bed [27]. This model was validated by follow-
ing the low-head dam removal on two low gradient, fine- to coarse-grained rivers in southern Wisconsin. Doyle et
al. showed that the erosional narrowing and widening are controlled by lowering of the water level and reservoir
sediment characteristics. The works by Cantelli et al., Ferrer-Boix et al., and Doyle et al. are supplementary, obser-
vations based on in situ or laboratory data with different geometries of canal or river, and different characteristics
of the material bed [27,78-80].

In this work, the two low-head dams studied are different. At the Saint-Benoit site, the low-head dam has
a height of 1.42 m and has almost no sediments stored upstream. At the ilot Tison site, the low-head dam has a
height of 1.02 m and has a larger volume of stored sediments upstream. For the two low-head dams, a river bed
composed of uniform sand was modeled with a thickness of 0.20m in the software HEC-RAS. Three values of the
specific discharge of the Clain river were simulated, Q = 8, 25 and 156 m3/s. For the {lot Tison site, the erosional
narrowing can be observed when the low-head dam is removed for Q < 25 m3/s. If Q > 25 m3/s, the low-head
dam is bypassed. The presence or absence of the low-head dam disturbs the flow velocity much less. For the Saint-
Benoit site, the erosional narrowing is not observed. The erosional widening appears first. In this case, there is
not a volume of stored sediments upstream. The erosional widening can be observed for all specific discharges
considered. This work shows that the erosional narrowing and widening are driven by the height of the removed
dam, the specific discharge and the volume of stored sediments upstream.

6. Conclusions

The present work showed that the hydro-morphodynamic models, such as the software HEC-RAS, enable re-
searchers to simulate complex sediment transport dynamics by integrating the hydrometric data such as the sed-
iment granulometry, the flow velocity and the DMT maps. In this work, the total CPU time remained reasonable,
48 h for the Ilot Tison site, 16 hours for the Saint-Benoit site, and 7 days for the large scale, on a classic desktop
workstation. The hydrometric data acquisition equipment is currently available. A Van Veen sampler, an oven and
a sieve column are easy to use to obtain the sediments granulometry. Measuring flow velocity is also easily accessi-
ble from equipment such as a current meter and an ADCP. And the DTM maps data is also easily accessible in most
countries. This made it possible to simulate realistic scenarios.

The numerical simulations, obtained with the software HEC-RAS, allowed us to elucidate the hydro-morphody-
namic impacts of two low-head dams present at the Saint-Benoit and flot Tison sites, on the Grand Poitiers munici-
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pality. From a hydrodynamic point of view, these low-head dams are bypassed for high specific discharges @ > 25
m3/s. They only disturb the flow of the Clain river during periods of low specific discharges Q < 25 m3/s, and only
locally around them. Removing these low-head dams allows for the restoration of the natural flow direction of the
Clain river in a meander. However, during periods of low discharges, these low-head dams help to maintain a cor-
rect water surface level in the Clain river. From a morphodynamics point of view, these low-head dams are physical
barriers to the sediment transport during periods of low specific discharges Q < 25 m3/s. The eroded sediments
then accumulate at the low-head dams. For high specific discharges Q > 25 m3/s, the flow of the Clain river is strong
enough to re-establish the sediment transport above these low-head dams. Sediment continuity is then ensured.
Without the low-head dams, the Clain river resumes its meandering river behavior. Removing the low-head dam at
the Tlot Tison site doesn’t disturb the morphodynamics of the Clain river at the Saint-Benoit site.

The numerical simulations, obtained with the software HEC-RAS, also provide practical advice in cases where a
decision has to be made to remove partially or totally low-head dams. They show that the two phenomena, erosional
narrowing and widening impacting the morphology of rivers around the location of dams, depend on the height of
the removal dams, the specific discharge, and the volume of stored sediments upstream of the removal dams. If it
is required to minimize this impact, there are alternative strategies to using explosives or heavy machinery for an
immediate removal [81,82]. A partial removal allows for stabilizing upstream reservoir sediments while reducing
the costs of a total removal. To prevent the dam removal, it is possible to divert the rivers around the dams if
sufficient land is available. Another solution is to realize a vertical notch through the height of the dam face. All
these strategies allow for the retention of some structures for historic or cultural purposes.

In the present work, the robustness of the turbulent model and sediment transport laws present in the soft-
ware HEC-RAS was checked for a plain river with low-head dams, as for the Clain river. This is in accordance with
the works by Ngatcha et al. [34,40,41,44,45]. The Clain river presents a Froude number Fr < 1, even for the ten-
year flood Q = 156 m3/s, and close to low-head dams. For rivers with a river (or subcritical) flow, the turbulent
Smagorinsky model, introduced into the Shallow-Water equations used by the software HEC-RAS, is sufficient to
simulate correctly the hydrodynamics of these rivers. For rivers with a torrential (or supercritical) flow, it will cer-
tainly be necessary to implement the second-order model developed by Ngatcha et al. in the hydro-morphodynamic
models, such as the software HEC-RAS, in order to simulate correctly the hydrodynamics of these rivers [34,40,41].
In France, the major rivers, the Loire, Seine, Rhone, Garonne, and Rhin, present the two flow regimes, river and tor-
rential. As shown by Ngatcha et al., turbulence also plays arole in sediment transport. In rivers with high fluctuating
motions, the sediment transport is impacted by the distorsion and phase-lag phenomena. Ngatcha et al. have devel-
oped a new Exner equation including the phase-lag effect and arbitrary slope sediment beds [34,44,45]. This new
hydro-morphodynamic model would be perfectly suited to the software BASEMENT that has recently been used to
study the river morphodynamics associated with dam-breach floods. The classic coupling of Shallow-Water and
Exner equations has been used to perform this study [83-85]. The recent works by Ngatcha et al. show that this
coupling of Shallow-Water and Exner equations may be faulty to describe the sediment transport in flows with high
fluctuating motions.

To improve the representativeness of numerical simulations performed with hydro-morphodynamic models
such as the software HEC-RAS, future research should focus on the estimation of Manning’s roughness n. In this
work, the calibration of Manning’s roughness n was performed by using hydrographs of specific discharge Q and
water height h due to a lack of access to the granulometric size of the river-bed material. Since the works by Chow
in 1959, the particle size-based techniques provide reasonable estimates of roughness in relatively low-gradient
rivers with a gravel-sand bed because this river-bed material is the source of resistance to flow [86,87]. During
low water periods, all the rivers are without water, their bed being then inaccessible. To our knowledge, there
are no efficient techniques that allow access to the granulometric size of the river-bed material underwater. In
a recent work, Saha et al. have used two techniques to measure the granulometric size of the river-bed material
out of water [87]. They conducted the classical technique proposed by Wolman in 1954, using a zig-zag sampling
approach [88]. They have taken photographs where Wolman’s data were collected. Only the flawless photographs
were selected for analysis with the software BASEGRAIN, allowing to perform a surface grain size study [89]. New
underwater image acquisition systems and new software such as BASEGRAIN, should be developed.
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