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ABSTRACT

Erosion generally reduces the resilience of replenished gravel in rivers. As a result, structures are sometimes added to modify

the upstream flow and stabilize artificial spawning grounds. In particular, rows of boulders can be placed around the replenish-

ment area to limit the transport of replenished gravel during flood events. This study aims to optimize the arrangement of these

rows, based on field experiments as well as physical and numerical models. A combined hydro-sedimentary numerical model is

calibrated and validated by comparing simulated and measured morphological evolutions in nine laboratory experiments. The

results show that boulders positioned downstream of the replenishment slow down the flow above the replenishment, decreasing
shear stress over the gravel. The stabilization efficiency depends on both the positioning of the boulders and the arrangement of
the replenished surface. To achieve sustainable spawning, prospective scenarios using the numerical model highlight the need to
limit the width of the replenishment area. Experiments demonstrated that when the replenishment area spans the entire width
flume, the erosion rate is significantly higher compared to a narrower replenishment area placed close to the edges. This effect is

attributed to increased flow velocities in the center of the channel, leading to increased shear stress and gravel erosion.

1 | Introduction

Spawning grounds are of utmost importance for lithophilic
fish species, as they support breeding capacity and egg in-
cubation (Beechie et al. 2005; Beschta and Platts 1986; Geist
and Dauble 1998). Characteristics defining the functionality
of spawning grounds are specific to fish species. Lithophilic
habitats, especially those used by Salmonids, are mainly com-
posed of gravel. Kondolf and Wolman (1993) demonstrated
that Salmonids can spawn in gravel with a median diameter
up to about 10% of their body length. In rivers, sediment char-
acteristics and mobility depend on the hydromorphological

context of the watershed, such as geology and anthropic ac-
tivities. Sustainability of the spawning habitats is determined
by the capacity of the hydrosystem to provide sufficient sedi-
ment supply and appropriate hydraulic conditions. In addition
to factors like temperature and pollution, sustainable spawn-
ing relies on sediment continuity. However, downstream
of dams with large reservoirs, water, and sediment supply
are regulated, leading river morphologies to adapt to a new
equilibrium (Brandt 2000; Petts 1984). Disturbances in sed-
imentary equilibrium can result in channel degradation and
narrowing, bed armoring, and increased vegetation growth
on alluvial bars. Overall, the riverbed can be significantly
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eroded, or the sediment grain size can coarsen, leading to
bed armoring and degradation of spawning grounds (Brenna,
Surian, and Mao 2020; Surian and Rinaldi 2003; Williams and
Wolman 1984). A strong correlation has been recognized be-
tween the loss of spawning grounds and the decline or dis-
appearance of economically significant fish species, such as
Salmonids (Kondolf 1997).

The long history of spawning ground restoration in the liter-
ature (Roni et al. 2014; Thompson 2006) underlines its global
importance. Sediment replenishment, also known as gravel
augmentation, involves the artificial injection of gravel to coun-
teract the lack of natural bed material from upstream sources
(Mortl and De Cesare 2021). Two types of replenishment may
be used, depending on the objectives of restoration and the mor-
phological context. The first method restores sediment stocks
in the active channel, allowing the flow to transport sediment
and form new riverbed material (Arnaud et al. 2017; Brousse
et al. 2020; Ock, Sumi, and Takemon 2013). Since this is a
process-based strategy, it may require a long time and signifi-
cant amounts of sediment to restore fish habitats. The second
approach focuses on adapting the local shape of artificial spawn-
ing areas to specific fish species, including gravel size, thick-
ness, and coverage area (Bunte 2004). This form-based strategy
requires less sediment, enabling quicker restoration of artificial
spawning grounds (Whiteway et al. 2010). Artificial spawn-
ing areas have been created in many Salmonid rivers (Kondolf
et al. 2014; Staentzel et al. 2020). Harrison et al. (2019) showed
that the texture and mobility of sediment characterize the ef-
ficiency of spawning restoration projects, in addition to tradi-
tional habitat variables such as water depth, velocity, and grain
size. In practice, the resilience of spawning ground restoration
tends to be short-lived, as these habitats are typically exposed
to regular annual or sub-annual floods (Merz, Pasternack, and
Wheaton 2006) and long-term surveys have revealed poor bene-
fit for fish (Thompson 2006). Pulg et al. (2022) highlighted that,
across eight study sites, the median spawning area decreased by
26% after 10-18years, largely due to gravel erosion in regulated
rivers. Mechanical intervention can increase the resilience of ar-
tificial spawning grounds. Direct injection (Gaeuman 2014), or
reshaping after each hydrological event, can offset the scouring
of sediment cover. However, these operations are often costly and
depend on available gravel reserves, both of which pose signifi-
cant challenges to the scaling of spawning restoration projects.
Passive methods, which involve placing hydraulic structures
such as boulders, rocks, logs, or low-level weirs in the riverbed
have been shown to favor sediment deposition (Bunte 2004) and
have demonstrated effectiveness (Louhi et al. 2016). Depending
on boulder placement, one potential drawback is that spawning
gravel may still be susceptible to erosion (Hauer et al. 2020).

All of the above methods require a high level of expertise in
designing appropriate hydraulic structures. Once defined,
such designs may not be transferable to other reaches or rivers,
due to their strong dependency on local hydraulic conditions.
Understanding key physical mechanisms, along with accurate
numerical modeling, is therefore essential for effective resto-
ration in variable configurations. Moreover, for rivers starved of
long-term sediment supply, the most effective approach to in-
crease the resilience of artificial spawning ground is not to de-
posit additional sediment upstream, but rather to stabilize the

replenishment at existing sites. Sufficient sediment transport
should be ensured over short distances (a few meters per year),
to avoid clogging risks and allow fish to construct nests, while
minimizing the potential for rapid erosion or diffusion of added
material during floods (Peeters et al. 2021).

Two-dimensional hydraulic models have been widely used to
assess habitat characteristics in natural river reaches (Dudley
et al. 2022; Grantham 2013), downstream of dams (Biirgler
et al. 2023), and in restoration projects (Fischer et al. 2020;
Gard 2006; Harrison et al. 2019; Pasternack, Wang, and
Merz 2004). Laboratory experiments and hydraulic models cou-
pled with sediment transport modules enable investigation into
the spatiotemporal evolution of restoration projects (Battisacco,
Franca, and Schleiss 2016; Juez et al. 2016). Combining both
approaches could greatly enhance the assessment of the effec-
tiveness and resilience of gravel augmentation projects. It could
also be a convenient tool for investigating the effect of boulder
arrangement on the stability of spawning grounds and for opti-
mizing their design. As underlined by Hauer et al. (2020), such
engineering tools need to be validated.

This study focuses on spawning ground stabilization in a river
with a severely limited supply of sediment: the Dordogne River
in France. The approach combines field observations, small-
scale laboratory experiments, and numerical simulations. The
primary objective of this study was to explore the capacity of
numerical modeling to reproduce the stabilization of spawning
grounds based on a laboratory experiments. The second objec-
tive was to assess the potential of boulders to enhance the resil-
ience of artificial spawning grounds. The paper first presents the
field site, the experimental setup, and the numerical model. The
three approaches are then compared, and prospective numerical
scenarios are studied, followed by a discussion on the comple-
mentarity of the integrated field-flume-numerical strategy.

2 | Materials and Methods
2.1 | Study Site

The present study was designed to describe the restoration of
Salmonid spawning sites in the Dordogne River. The following
briefly describes the field application. To create effective spawn-
ing grounds for Salmonid species, gravel was replenished at
multiple sites along the Dordogne in 2020 and 2022. The work
was conducted by EPIDOR (EPTB Dordogne). Boulders were
placed transversely in the replenishment areas, resembling a
low weir. The boulder arrangement was empirically decided and
still required engineering feedback to optimize replenishment
resilience.

The spawning site of particular interest to this study is located
45°4’44.09” N, 1°56’3.14” E, near the town of Argentat, 4.3km
downstream from the Sablier dam operated by EDF (Electricité
de France), where loss of small-sized gravel was clearly identi-
fied. The width of this river section is about 80-100m. The av-
erage slope is 0.3% and the mean discharge is 100m?3/s. Most of
the remaining sediments that compose the river bed are around
20cm in diameter and are not transported by mean annual flood
events.
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For the purpose of Salmonid spawning habitats, the replenished
sediment diameters range between 2 and 8cm. The artificial
spawning replenishments sediments were deposited along one
bank of the river, in an area 15m wide and between 40 and
80m long, depending on the site (Figure 1). The replenishment
thickness of 35cm corresponds to the water depth at a low-flow
discharge of 30m?/s. At discharges above this level, the deposit
becomes submerged and can be mobilized at higher flow rates.
The mobilization of replenished gravel depends on hydraulic
events largely controlled by the management of upstream dams
within the catchment. At this stage, the complex evolution of
hydraulic events is beyond the scope of this paper. However,
for laboratory-scale reference, it should be noted that, due to
flood control by dams, the maximum flow discharge since the
mid-1990s has been around 560m?3/s, corresponding to a bian-
nual flood under natural hydrological conditions and resulting
in a water depth of approximately 2.5m above the replenish-
ment area.

Typical length scales of the boulders used on these sites are
around 50cm. Boulders are densely aligned to touch each other
and are arranged in single rows perpendicular to the bank across
the entire width of the replenishment area. Two rows of boulders
were placed, one downstream and the other mid-length of the
80m long replenishment area. Field data are scarce and limited
to two topographic surveys of the replenishment area conducted
before and after a 445m3/s flood that occurred on February
1, 2021.

2.2 | Experimental Setup

An experimental model was developed at IMFT (Toulouse
Institute of Fluid Mechanics) toreproduce the hydro-sedimentary

dynamics of a representative section of the Dordogne spawn-
ing site.

Complete similitude between field and laboratory condi-
tions cannot be achieved for such complex systems (El Kadi
Abderrezzak et al. 2014). In this study, the choice was made to
impose a Froude similarity for the hydraulic regime along with
a Shields similarity for the sediment transport regime. This ap-
proach preserves the replenishment bed shape between field
and laboratory, preventing the formation of ripples or other dune
shapes. For the purpose of this research, the Froude number, Fr,
and Shields number, 6, are defined as follows:

q

Fr= g—1/2h3/2 D
b

0= —— 2

(ps - pf)gd ( )

with g = Q /W the water discharge per unit width, Q being the
discharge, g the gravity, h the water depth, d the grain diameter,
p, the grain density, p; the fluid density, and 7, the basal friction;
that is, the fluid shear stress component at the bottom. In the
following model, the fluid shear stress at the bottom is written
as 7y, = fp;q® / 8h* with f a turbulent friction factor imposed by
the rough bottom, and q /h the mean streamwise velocity. The
model for the Shields number is defined as:

0 fq
8h2<‘;—‘;—1)gd ®

In order to satisfy the (Fr, ) similarity, one considers a simple
equilibrium of a 1D flow with the slope, leading to the momen-
tum conservation as 7 = pglh (I being the local slope). The

FIGURE1 | Replenishment for fish spawning in the Dordogne River in 2020. The flow is from right to left. Source: EPIDOR. [Color figure can

be viewed at wileyonlinelibrary.com]
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system is closed with the Colebrook-White model for the fric-
tion factor f:

1 3 2.51

where the friction factor f is related to the roughness scale ¢,
hydraulic radius Rh, and the Reynolds number Re = q / v, v being
the kinematic viscosity. Since the roughness scale € can be re-
lated to the grain diameter of the replenishment d, we assume
€ = d here for simplicity and without loss of generality. Finally,
using the previous definitions and models, the Froude number
and the Shields number can be evaluated for biannual flood
events in the field. This yields an estimate of the Froude number
ranging from 0.64 to 0.80 and an estimate of the Shields number
over the replenishment area between 0.04 and 0.07.

Laboratory experiments were conducted in a straight flume of
7.5m length, 1m width, and 50cm height, resting on a tiltable
frame. In all the experimental tests, the longitudinal slope of
the flume was fixed at 0.3%, consistent with the river slope. The
bottom of the flume was covered with a support made of trun-
cated cone-shaped elements, with a roughness height of 0.7cm
and a diameter of 1.8cm. At the entrance of the flume, a pump
delivered a water flow of Q = 75 L / s measured with a flowmeter
accurate to about 1 L /s. The water then flowed to the outlet of
the flume, which ends in a free fall. To study the mobility of the
replenishment, a 2.4cm-thick gravel deposit was placed in the
flume. This replenishment area covered a rectangular surface of
1.67m length and 50 cm width occupying half the width of the

flume (Figure 2, Case A). The length of the replenishment was
scaled to represent a 40 m-long replenishment field site. Its width
was not scaled but allows the replenishment gravels to be trans-
ported toward the center of the flume, similar to a spanwise dis-
persion in the field. Replenishment gravel size ranged between 2
and 4mm, with a median diameter d =d,,=3.35mm. According
to the previous similarity analysis with this range of diameters,
the laboratory scale led to Fr = 0.75 and 6 = 0.055. This achieves
the expected similitude with field conditions. Although not fully
similar, the obtained Reynolds number Re was consistently high
enough at both scales to consider the flow fully turbulent.

Non-transportable gravel of complex shape with a typical length
of the order of the replenishment thickness, between 2 and 3 cm,
mimicking boulders in the field, were placed around the replen-
ishment area according to different configurations (Figure 2,
Cases B-J). It should be noted that the term “boulder” is used in
this paper independently of the scale considered (flume, model,
or field) to refer to “stabilizing material.”

Note that Case B (Figure 2) corresponds to the field arrange-
ment. The placement of these boulders modified the dynamics
of the flow above and around the replenishment, as well as grain
motion. Various configurations were thus tested to identify
which arrangement is most effective in limiting the transport of
gravel away from the replenishment area.

During experimental tests, the topographic evolution of the
bed was measured with four probes placed transversally above
the replenishment deposit (Figure 2, y=60, 70, 80 and 90cm;
y=0 corresponding to the right bank). A rail system enabled

FIGURE 2 | Initial planform configuration of the 10 experimental cases tested at the IMFT lab (Cases A-J). In red: Locations of boulders placed

near the gravel replenishment to reduce erosion. The water flows from the lower part to the upper part of the image. [Color figure can be viewed at

wileyonlinelibrary.com]
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the probes to be moved downstream along the flume. For each
probe, 24 measurements were made along the x-axis, which
provides the longitudinal topographic profile of the flume and
deposit. Data were collected at an interval of 10min from t=0
to t=40min, by stopping the flow and scanning the bed. The
experiment ended after 60 min. For each time step, 96 measure-
ments of the flume bottom were taken. A camera was positioned
above the flume to capture aerial images tracking the propaga-
tion of replenished sediments after 30 and 60 min from the start
of each experimental runs.

2.3 | Mathematical and Numerical
Modeling System

2.3.1 | Presentation of Numerical and Model Setup

The numerical model is based on the Telemac-Mascaret mod-
eling system, with the hydrodynamic module TELEMAC-2D
coupled to the morphodynamic module GAIA (sediment trans-
port and bed evolution; Audouin et al. 2019; Tassi et al. 2023).
TELEMAC-2D is based on the solution of the 2D depth-averaged
shallow-water equations (SWE) with a closure relationship for
the turbulence based on a constant turbulent eddy viscosity,
and the Strickler friction law to parameterize roughness effects
(Nezu and Nakagawa 1993). GAIA is based on the Exner (1920)
equation, where the sediment transport capacity, g, (m?/s), is
calculated with a bedload capacity formula, relating g, and fluid
flow properties at the top of the sediment surface as local shear
stress. Hydrodynamic and morphodynamic modules are cou-
pled at each time step. The equations are discretized on a mesh
using the finite-element method (Hervouet 2007).

The computational domain is defined as a rectangle matching
the dimensions of the flume. The mesh is irregular and com-
posed of an unstructured network of triangular elements. The
size of the elements is variable and depends on the size of the
gravel composing the protective wall. The mesh is refined
around the replenishment area with an element size of about
0.5mm instead of 4.6cm elsewhere (Appendix A.1). The node
elevations are calculated with linear interpolation of the topo-
graphic data. The model bathymetry corresponds to the eleva-
tion of the flume bottom as well as to the thickness of gravel
replenishment (2.4 cm). Modeling the rows of non-transportable
gravel used in the experiments is complex, as the wall along the
replenishment area does not have a constant height. We chose
here to model these rows using an impermeable wall of equiv-
alent height corresponding to the minimum size of the experi-
mental gravel, that is, 2cm.

At the upstream boundary (the inlet of the flume), the flow
rate was set at Q="75L/s, that is, equal to the experimental one,
while at the downstream boundary (outlet of the flume), the
water height was set at the average measured water height in
the experimental flume, that is, h=6.7cm. Lateral walls were
represented by solid boundaries. The time step was set at 0.002s,
ensuring a Courant Number (CFL)<0.8.

At the initial step, three different roughness areas were defined
to take into account the diversity of grain sizes in the experiment:
the area of the channel covered by fixed truncated cone-shaped

elements (high roughness), the replenishment area (low rough-
ness), and the boulder area with a smaller Strickler coefficient
(very high roughness). Roughness varies over time and space as
the replenished gravel spreads throughout the flume. Hence, it
is assumed that, in the flume, the roughness becomes that of the
replenishment as soon as the height of the sediment deposit ex-
ceeds 1cm. Similarly, in the replenishment area, the roughness
changes to the value of the flume bottom when the erosion is
greater than 1cm. This threshold value was calibrated to take
into account changes in roughness. The riverbed is erodible
only where the replenishment area is initially located. The rest
of the channel is considered non-erodible, reflecting the labora-
tory setup.

The roughness is numerically modeled with a Strickler law.
The Strickler coefficient (K) of the flume bottom was deter-
mined by comparing the longitudinal profile of the simulated
and measured water depths. Optimal results were obtained
with a Strickler coefficient of K=35m!/3/s for the flume bottom,
K=50m'3/s for the replenishment area, and K=18m'3/s for
the boulder areas (Appendix A.2). A lateral friction with con-
stant roughness is applied to the walls (K=85m?/3/s) reflecting
the smooth-edge conditions of the experimental flume. Several
bedload transport formulas available in GAIA have been tested:
Meyer-Peter and Miiller (1948), Einstein-Brown (1942/1949),
Engelund-Hansen (1967, total sediment transport), Van Rijn
(1984), and Wilcock and Crowe (2003). Erosion rates observa-
tions in the replenishment area indicated that Van Rijn's formu-
lation is the most suitable for our study (Appendix A.3). This
formula is applicable for grain diameter d=d.,=[0.2-2]mm.
The dimensionless current-induced sediment transport rate is
given by:

0-06,\*"
qb0=0.053D*( 7 °‘> )

cr

where 6 is the Shields number as defined in Equation (2), and 6.,
is the critical Shields number equal to 0.047 for the diameter of
the replenishment gravels (D, = d[(s—1)(g/v?)] '3  85). When
the Shields number 6 exceeds the critical Shields number, par-
ticle motion is initiated. The calculations are performed with a
single class of sediment.

2.3.2 | Modeling Strategy

Based on this model implementation and parameterization, a
calibration-validation process is performed. First, the model is
calibrated on Cases A and G (Figure 2). Case A corresponds to
the case of deposit alone, without boulder protection, and Case
G corresponds to the configuration with the largest boulder area
ratio (Table 1). Case A is used as a reference to evaluate the ca-
pacity of the flow to erode and disperse the replenishment. Case
G corresponds to the case of a replenishment area surrounded
by protective boulders placed along the longitudinal axis of the
replenishment, as well as downstream of the replenishment, on
a length corresponding to 1/3 of the length of the replenishment,
that is, 55cm (Table 1). It is assumed that Case G corresponds to
the maximal protective effort exerted by a river manager. This
configuration is used as a reference to evaluate the capacity of
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the boulders to limit erosion of the replenishment in the model.
Calculation results are compared to the topographic evolutions
measured in the laboratory by the experimental probes, as well
as to the erosion rates measured in situ in the replenishment
area. Once the calibration is completed, the numerical model
is applied to the other configurations tested in the laboratory,
that is, Cases B, C, D, E, F, H, I, and J for validation (Table 1;
Appendix A.4). Model accuracy is evaluated with efficiency
proxies (Moriasi et al. 2007) based on comparison between nu-
merical results and experimental data (percent bias [PBIAS],
RMSE, or root mean standard deviation ratio [RSR]; for details
in efficiency proxies, please refer to Appendix A.5).

Prospective scenarios are investigated to evaluate the impact of
the shape and distribution of the spawning area on its sustain-
ability (Cases M, N, O, T, U; Table 1). A last couple of scenarios
(Y and Z) are investigated to evaluate the role of previous re-
plenishment and replenishment height on the spawning ground
dynamic. All prospective scenarios refer to Case I in terms
of downstream boulder characteristics (surface, volume and
height). It is assumed that these characteristics are well adapted
for operational issues. Indeed, a larger volume of boulders would
be more difficult for river managers to mobilize and place in
the field.

3 | Results

The results are presented in three steps. First, the laboratory ex-
periments are qualitatively compared with the field monitoring
to demonstrate the relevance of the chosen similarity. Then, 10
scenarios of boulder arrangement around the replenishment area
are studied both experimentally and numerically. The influence
of different configurations is compared, a calibration-validation

Field

River bank

River side

Laboratory

|

| -

: _
|

|

process is conducted for the numerical model, and the robust-
ness of the simulation is assessed. The validated numerical
model is then used as a predictive tool to study seven prospective
scenarios corresponding to potential operational cases.

3.1 | Qualitative Comparison of the Experimental
Approach With Field Observations

Since the experiment was designed to study the effect of local
configuration on the entrainment of a replenishment and the
underlying physical mechanisms, the field configuration is not
exactly reproduced in experiments. The comparison with the ex-
perimental approach is therefore qualitative and based solely on
the observed erosion patterns.

The similarity for the small-scale experiment was established
a priori for a 5-hour-long biannual flood discharge (~550m?3/s).
However, there were important discharge variations in field
measurements taken in October 2020 and October 2021. A peak
discharge of 445m3/s recorded over 30h (with 85h at discharge
levels above 425m3/s and 190 h above 400 m3/s) was lower than
the biannual flood discharge. Furthermore, (i) the replenish-
ment in the field represents a repetition of twice the replenish-
ment pattern B (Figure 2 and Figure 3), and (ii) its lateral extent
represents a fifth of the river width in the field and half the flume
width in the experiment. Accordingly, Case B at the laboratory
scale mimics half of the length of the replenishment site in the
field. Therefore, a qualitative comparison between laboratory
experiments of Case B and the first half of the replenishment
site in the field (right side of the replenishment in Figure 3) is
relevant. Focusing on the erosion upstream of the first row of
boulders, the erosion patterns obtained are very similar in the
field and in the experiments (Figure 3).

Relative bed height [m]
B <=-0.30

= -0.30 - -0.20
= -0.20 - -0.10
= -0.10 - 0.00

deposition { : 8?3 - g :1!8

erosion

Line of blocks

FIGURE3 | Qualitative comparison between field and laboratory replenishment planform evolution. Dashed lines show the initial position of the

replenishment prior to being eroded and transported. [Color figure can be viewed at wileyonlinelibrary.com]
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Specifically, on the river side at the most upstream corner
(bottom right in Figure 3), erosion in the field is on the order
of magnitude of the replenishment thickness (~35cm), suggest-
ing that the replenishment had been completely eroded in this
area, consistent with the experimental observation. As a conse-
quence, a gravel bed pattern emerges downstream of the perpen-
dicular boulders, while a slight diffusion toward the center of
the flume is also observed. This is also consistent with the field
observation. In particular, the riverside area shows an increase
in bed elevation in the field, suggesting a lateral diffusion of the
replenishment. Such lateral diffusion was also observed in the
laboratory. In addition, erosion downstream of the perpendicu-
lar boulders observed in the field was limited compared to that
observed upstream, due to the sediment input coming from the
replenishment erosion occurring upstream. This is consistent
with the emergence of the gravel bed pattern downstream of the
boulders observed in the laboratory.

Overall, the replenishment erosion pattern obtained in the ex-
periment was found to be similar to that observed in the field,
which allows us to proceed with the use of experiments and nu-
merical modeling.

3.2 | Numerical Calibration-Validation Process
Based on Experimental Observations

The numerical model is calibrated by considering two replen-
ishment configurations studied experimentally: simple replen-
ishment without constraining boulders (Case A in Figure 2) and
replenishment with a row of boulders on the side and a patch
of boulders downstream (Case G in Figure 2). When consid-
ering the longitudinal transect at different times (=0, 10, 20,
30, 40min) and at a given position above the replenishment
(y=0.7m, probe 3), the simulated results exhibit a good consis-
tency with the experimental measurements at global scale for
both Cases A and G (Figure 4).

For probes 1 and 2 located closer to the sidewalls, both PBIAS
and RSR criteria are satisfactory for all time steps (details in
Appendix A.5). On the other hand, for probes 3 and 4 located
closer to the middle of the flume, the PBIAS criterion degrades
over time for Case A, while for Case G, performance remains
constant regardless of the time step. This indicates that the nu-
merical model does not fully reproduce the lateral dispersion.
Indeed, in Case G, the lateral boulder prevents most of this lat-
eral spread, while in Case A (without any row of boulders) the
sediments propagate toward the center of the flume. Therefore,
the simulation overestimates the thickness of the sediment wave
aty=0.7m in this case. However, according to the RSR criterion
which normalizes the mean square error with the standard de-
viation, the model's performance is considered very good across
all time steps and for all probes (RSR=0.186).

Common trends can be extracted from both the experiments and
the numerical simulations. In Case G, for both experiments and
simulations, comparisons of bottom profiles show that, in this
configuration, the deposit is less eroded than in Case A (as shown
in Figure 4). The simulation results show that the hydrodynam-
ics in the replenishment area are modified by the presence of the
perpendicular boulders (Figure 5), consistent with experimental

measurements (not shown here). In addition, the presence of the
replenishment alone (i.e., Case A) also impacts the hydrodynam-
ics, since flow acceleration is observed above the replenishment
area in the simulation. Specifically, the flow acceleration is re-
duced by the presence of boulders downstream of the replenish-
ment area. The presence of boulders leads to a decrease in flow
velocity and an increase in water height, which subsequently re-
duces the bottom shear stresses in the whole flume, except above
the LB (Appendix A.6). The sediment flow is therefore reduced,
and the replenished gravel stays longer at the initial location in
Case G (Appendix A.6). Moreover, the model shows a strong
replicability of the erosion rate in the spawning ground for both
Cases A and G (RMSE < 3%, PBIAS < 5%, and RSR <0.5; Table 2).
Consequently, the numerical model is considered calibrated.

Calibrated parameters of Cases A and G (Appendix A.4) have
been used in other cases to validate the model. As shown in
Figure 6 and Table 2, model performance varies between con-
figurations. More particularly, for Cases H and I where the
perpendicular boulder is directly downstream of the gravel re-
plenishment, the model underestimates the observed erosion
rate. On the other hand, for Cases F and J, where the perpendicu-
lar boulder was placed farther downstream of the replenishment
area, little discrepancy is observed between experimental obser-
vation and numerical simulation; especially in Case J, there is no
lateral boulder to prevent lateral propagation. Specifically, the
simulated results diverge only slightly from the measurements
(RMSE equal to 6.7%). Similar to Case 1, these results suggest
that lateral propagation is not fully captured by the numerical
model. Therefore, for Cases E and F, which include lateral boul-
ders, the performance of the numerical model is very good (1.3%
deviation for Case E and 3.9% deviation for Case F).

According to the numerical results, the model performs well in
reproducing the quantitative and qualitative impacts of the dif-
ferent spawning ground stabilization configurations tested. The
model is thus considered as validated and can be further used as
a predictive tool under the given configuration.

3.3 | Prospective Numerical Scenarios

First, the lateral distribution of gravel across the width of the
river is investigated (Appendix A.7). Comparison of Scenarios A,
M, N, and O without stabilization techniques (Figure 7a) shows
that a greater lateral spread of the replenishment area results in
increased erosion. For example, in Case O where the replenish-
ment area occupies the whole flume width, the erosion rate after
60min is 74.3%, whereas in Case M, where the replenishment
wide is only 25cm wide (i.e., a quarter of the flume width) and is
placed close to the edges of the wall, the erosion rate after 60 min
decreases to 47.8%. This result can be explained by higher flow
velocities in the center of the flume, owing to the friction of the
side walls, which implies higher shear stress and consequent
gravel erosion in Scenario O.

Scenario T (Table 1) is designed to provide a better understand-
ing of the effect of dividing the replenishment into two areas,
compared to Scenario O. In Scenario T, the replenishment
area is divided into two parts: one upstream and the other
downstream. The erosion rate at t=60min is lower when the
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FIGURE 4 | Comparison of the evolution of simulated longitudinal topographic profiles with the measurements of probe 3 (y=0.70m) for the

times t=0, 10, 20, 30, and 40 min after the calibration process in Cases A and G. [Color figure can be viewed at wileyonlinelibrary.com|

replenishment area is divided into two sections (Figure 7b). This
can be attributed to modifications in the hydrodynamics above
the upstream replenishment area, generated by the backwater
effect induced by the downstream replenishment. The down-
stream replenishment area slows the upstream flow, leading to
areduction in shear stress in the upstream replenishment zone.

It is noteworthy that the erosion rate remains nearly constant
between 10 and 20min, a time interval corresponding to the ar-
rival of sediment eroded from the upstream replenishment area.

The same configurations were tested with the presence of a vol-
ume V, of perpendicular boulders. The presence of perpendicular
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FIGURE 5 | Comparison of simulated variables between Cases A and G: longitudinal profile of flume bottom (a), bottom shear stress (b), water
depth (c), and scalar velocity (d) in the middle of the replenishment (y=0.75m), and t=40min. [Color figure can be viewed at wileyonlinelibrary.

com|

TABLE 2 | Model evaluation statistics (PBIAS, RMSE, RSR) for the
calibration cases (A and G) and the validation cases (B, C, D, E, F, H, I
and J).

Cases PBIAS (%) RMSE (%) RSR
A —3.56 2.61 0.055
G —0.81 1.39 0.087
B 8.61 3.29 0.072
C —-4.14 3.91 0.091
D -18.79 7.83 0.165
E 0.61 1.32 0.031
F 12.14 3.87 0.096
H 22.96 3.60 0.127
1 39.29 7.11 0.19
J 22.09 6.68 0.14
Mean value 7.84 4.16 0.11

Note: The calculation is based on the measured erosion rates.

boulders reduces erosion in the replenishment area by approxi-
mately 11% for Cases A, N, O, and U and by 7% for Case M.

Boulder arrangement around the replenishment area also influ-
ences the shape and distance of the sediment wave propagation
(Figure 8). A very small amount of sediment infiltrates into the
lateral boulders. In Case A, a free lateral sediment propagation
is observed over a significant distance, while in Case D, lateral

sediment propagation is constrained by the lateral boulders. On
the other hand, the propagation distance in Case D (1.95m) is
greater than in Case A (1.61 m), which can be explained by the
lateral row of boulders forcing the flow to accelerate above the
replenishment area. Notably, the presence of the perpendic-
ular boulders downstream of the replenishment area reduces
the propagation distance. This distance is further reduced by
placing some boulders in the middle of the replenishment area
(Figure 8b).

Different scenarios are further evaluated for short-term (around
15min) and long-term efficiency. In the short term, Scenario T
emerges as the worst case, with the most significant erosion.
In the very long term (beyond 60min), it is worth investigating
whether Scenario M and Scenario A converge with Scenario N,
and if so, what determines the timeframe for such convergence
(Figure 7a).

In Scenario Y, the erosion rate is higher than in Case A. This
is because the newly replenished gravel (2.0x10~2m?), placed
on top of the previous replenishment (9.3 x1073m3), creates a
thicker deposit than in Case A. This result shows that the ini-
tial thickness of the deposit influences the erosion rate of the
replenishment (Figure 7c): the greater the initial thickness of
the deposit, the greater the flow velocity over the deposit, which
increases the local shear stress exerted on the replenished
sediment.

The results for Case Z show that the initial thickness of the
sediment deposit impacts the erosion rate: the greater the ini-
tial thickness, the higher the erosion rate for a similar volume.
Furthermore, a comparison of the erosion rates in Scenarios Y
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FIGURE 6 | Comparison of the evolution of the simulated and measured erosion rate for the calibration cases (A and G: orange and blue curves,
respectively, identical on all graphs) and the validation cases (B-F and H-J: green curves). [Color figure can be viewed at wileyonlinelibrary.com]

and Z shows that the presence of gravel downstream of the first
deposit reduces the erosion rate.

4 | Discussion

The integrated field-flume-numerical strategy used in this study
offers a robust and efficient approach to investigate the design of
in situ fish spawning grounds (Figure 9).

4.1 | From the Field to the Flume

The field observations allow us to define a prototype strategy for
spawning ground restoration. This step consists in understand-
ing the physical processes and defining the design pathway for
efficient replenishment. Early feedback from the field is useful
for go-no-go complementary analyses. Here, the field observa-
tions showed that a downstream low weir of boulders could sta-
bilize a spawning ground.

Flume experimental analyses confirmed and assessed a lim-
ited number of replenishment stabilization configurations with
frontal and lateral rows of boulders. Thanks to real-time mea-
surements and observations on a very fine spatiotemporal scale,
the hydromorphological processes can be readily evaluated in
detail during the flume experiment. The main inconveniences

in simulation relate to limitations in cost, human resources
and time, as well as laboratory restrictions. Compared to a
complex river channel, the experimental setup is very simple:
it is straight, without any slope break, and of constant width.
Notwithstanding this simplicity, the physical model allowed us
to investigate in detail the effects of the row of boulders, and to
explain the relevant physical processes occurring in the field.
With the slope and discharge ranges considered in the pres-
ent study, the length of the flume does not allow the flow to be
strictly uniform over the whole sediment patch. If these differ-
ences were large, they could have biased the experimental com-
parisons of the configurations, but in fact they are very limited.
To evaluate this limitation, a simulation comparing the erosion
of the same patch of sediment located at 1.147 and 2.147 m from
the downstream end of the flume was conducted and the differ-
ences of sediment transport between the two cases were found
to be very small (Appendix A.7). This limitation therefore does
not impact the comparison between field and experimental ob-
servation, as the flume flow is well simulated.

4.2 | From the Flume to the Numerical Model

The numerical model calibrated and validated on the flume
experiments allowed us to enlarge configurations of replenish-
ment stabilization, and to underline the main control factors
of the replenishment evolution over time and space. First, the
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comparison between experimental and numerical bed evolu-
tions confirmed the relevance of the numerical tool to satis-
factorily reproduce physical processes. In particular, both the
shape of the erosion pattern and the quantitative estimation of
the eroded volume were well captured by the numerical model.
This shows the ability of a depth-averaged approach to capture
the main processes of erosion, even for sharp roughness tran-
sitions (replenishment gravel, boulders, and flume bed), ac-
cording to a relatively small number of numerical parameters
(Appendix A.4).

A reliable numerical model involves calibrating the friction co-
efficient and comparing with the observed bed evolution. These
steps are supported by data which can be monitored in the lab-
oratory. The row of boulders (lateral or front low wall/weir) was
simulated by integrating their elevation in the Digital Elevation
Model and using an adequate friction coefficient, in which boul-
ders were assumed to be stable. This proved to be an efficient
way of simulating their effect on hydraulic and sediment trans-
port. There was no need to include local and small-scale flow
disturbance around the boulders which could have been simu-
lated only with CFD (computational fluid dynamics) approaches
(Liu et al. 2017). While experiments show that a small amount
of sediment infiltrates the row of boulders, the chosen boulder

simulation does not allow us to simulate this effect. However, it
appears to be negligible for simulating the stabilization and the
propagation of the spawning ground. Overall, the comparison
between experimental and numerical bed evolutions confirmed
the relevance of the numerical tool and associated strategy for
modeling boulders to satisfactorily reproduce physical processes
of erosion.

4.3 | Guidelines From Laboratory and Numerical
Results to the Field

The combination of hydraulic and sediment numerical models
proved adequate for robust testing of a large range of configura-
tions. This part of the study aims to establish the suitability of
the method as a benchmark tool for predicting the evolution of
in situ spawning grounds.

As mentioned above, a reliable numerical model involves cali-
brating the friction coefficient and comparing with the observed
bed evolution. The use of such an approach in the field would
require the acquisition of flow measurements. For example, 2D
flow fields with Large Scale Particle Image Velocimetry (Fujita,
Muste, and Kruger 1998) would be recommended for calibrating
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FIGURE 8 | Comparison of the shape of the sediment spread for
Scenarios A and D (a) and comparison of the distance of the sediment
spread for Scenario A depending on the presence and the distribution
of protective boulders (b). [Color figure can be viewed at wileyonlineli-
brary.com]
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Main control factors Mo d el

the friction coefficient over a large area, including different
roughness surfaces. Monitoring of water elevation at several
locations would also yield information relevant to the rough-
ness coefficient. High-resolution bathymetric data before and
after replenishment would allow good evaluation of bed evo-
lution. Passive Integrated Transponder (PIT) tagging of scour
chains would provide supplementary insight into bed evolution
(Hassan 1990; Lamarre, MacVicar, and Roy 2005). These mea-
surements and topographic changes would help to validate the
modeled morphological evolution; for example, it would define
the most suitable formula for transport capacity. Such a model
would be used to design a stable spawning ground prior to gravel
augmentation. However, it may be difficult to obtain bed evolu-
tion data in the field. Therefore, it is crucial to monitor hydrau-
lic data at different discharge stages. The difficulty of obtaining
such data from field measurements highlights the importance of
using the experimental approach, with its more readily accessi-
ble monitoring.

Several similarities were observed with experimental methods
of stockpiling where gravel were not submerged. Firstly, a re-
plenishment deposit with only limited transverse occupation
of a flume erodes less quickly than a replenishment occupying
the whole width, as already observed by Friedl, Weitbrecht, and
Boes (2018). Secondly, when the replenishment is divided into
two areas upstream and downstream of each other, the down-
stream replenishment limits gravel erosion of the upstream re-
plenishment, as found in previous studies by Battisacco, Franca,
and Schleiss (2016). Finally, during a subsequent gravel replen-
ishment, the presence of the sediment from the previous re-
plenishment in the flume further limits the erosion, as shown
by Bosch et al. (2016). Finally, we confirm that replenishment
width and height are of utmost importance to the design of
spawning restoration.

The tested prospective scenarios offer guidance on how to sta-
bilize spawning grounds with boulders in actual rivers. Hauer
et al. (2020) pointed out how the presence of boulders can have
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Simplification of the system
Detailed observations
Setup limitations

Model calibration
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Efficiency assessment

FIGUREY9 | The integrated field-flume-numerical approach to design in situ fish spawning habitats. [Color figure can be viewed at wileyonlineli-

brary.com]
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unwanted side-effects, depending on how they are placed.
While boulders can prevent the erosion of spawning gravel, they
may also increase its movement. Cross-validation of experimen-
tal and numerical models support the use of a row of boulders for
stabilization. The numerical model provides a convenient tool
for adapting the design of the row to the in situ context. Varying
discharges can be numerically tested in order to assess design
resilience, that is, which flood gravel will be transported down-
stream. Boulder height may also play a role in slowing the flow
over the gravel replenishment. However, these boulders should
not interrupt sediment transport if they span the entire width of
the river. Moreover, it is also necessary to consider that greater
acceleration downstream of excessively high boulders can inten-
sify flow inertia and cause erosion downstream.

Compared to a complex river channel the experimental setup is
quite simple. The flume was straight, without any slope break,
and of constant width. While it allows us to investigate the
specific effect of the row of boulders, more complex geometry
is required to predict details of the replenishment evolution in
the field. As two-dimensional horizontal (2DH) modeling of
sediment transport was previously validated in rivers (Brousse
et al. 2022; Li et al. 2023), it is, in the present study, the first
a priori step before using this approach in natural rivers. This
study, therefore, is a proof of concept before using 2D sediment
and hydraulics in rivers to design augmentation work. These re-
sults encourage the use of 2D hydromorphological modeling to
predict the stability of artificial spawning grounds in the field.

In some rivers, suspended fine sediment can clog the spawning
ground (Dubuis and De Cesare 2023), reducing gravel movement
that can adversely affect spawning (Peeters et al. 2021). These au-
thors observed that a travel distance of 3m/year for gravel sustains
the spawning area. In the Dordogne River, the amount of fine
sediment is very low and unlikely to affect the artificial spawn-
ing ground. If de-clogging were ever needed, it would be easier
to rework the replenishment area than to import new sediment.

In any event, it is essential to analyze in situ observations, not
only to validate the numerical modeling, but also to refine de-
sign recommendations for boulder placement. For example, on
the Dordogne River, there is a lack of complete bathymetric data
to enable simulation of the whole reach.

5 | Conclusion and Perspectives

The resilience of artificial spawning grounds in sediment-
starved rivers is studied in terms of use of boulders to stabilize
gravel replenishment. The objective of the integrated field-flume-
numerical strategy was to preserve conditions for fish reproduc-
tion by limiting the transport of replenished material. Design
optimization is evaluated based on the integrated framework
combining an experimental setup and numerical modeling.

The study demonstrated that the resilience of spawning resto-
ration is improved by using transversal or longitudinal rows of
boulders around the replenishment. The numerical model built
with TELEMAC2D and GAIA solvers accurately reproduced
the flow dynamics, sediment transport, and morphodynamics of

the river/flume, showing correct simulation of erosion rates and
sediment propagation compared to the flume data. Specifically,
the model effectively simulated the bed evolution in the replen-
ishment area.

The primary factor controlling stabilization is the quantity and
configuration of boulders. A significant number of boulders
downstream of the replenishment area altered the flow dynam-
ics above the spawning ground, slowing down the flow and re-
ducing shear stress. This configuration aids river managers in
optimizing stabilization design. A limited number of boulders
placed along the longitudinal axis and downstream of the re-
plenishment, acting as a low weir, provided a good compromise
between cost and stabilization efficacy.

When the boulder configuration is limited or determined by
field conditions, prospective scenarios illustrated that the shape
and distribution of the replenishment deposit significantly im-
pact its resilience. A replenishment deposit with a limited trans-
verse occupation eroded less quickly than one occupying the full
width of the flume section. Replenishment resilience could also
be enhanced by dividing the replenishment into two areas, up-
stream and downstream of each other.

In future research, the experimental setup and the numerical
model can be used to investigate the effects of the transverse
and longitudinal bed slopes. The validated numerical model
will also provide insights into the longer-term evolution of the
replenished area and the effect of variable discharges. Other
prospective scenarios of boulder distributions downstream of
the replenishment area can be studied. Different kinds of arti-
ficial structures can be tried out such as weirs made of wood
(Peeters et al. 2021) may be effective for gravel stabilization.
Their impact on the upstream backwater could be tested in an
experimental setup, in situ or with the use of numerical mod-
els (Addy and Wilkinson 2019). Two-dimensional sediment and
hydraulic modeling can be coupled with habitat modeling (Von
Gunten, Le Coarer, and Zaoui 2018) to assess the improvement
in fish habitats. Moreover, gravel augmentation of a spawning
ground may be combined with an upstream stockpile in the case
of rivers where high mobility of gravel is foreseen. An upstream
reserve of sediments may replace the eroded gravel from the
spawning area. Modeling tools could help to design the location
of this sediment reserve. The conclusions of this work could also
be complemented with future feedback from the field, particu-
larly from operations conducted on the Dordogne River.
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Appendix A
Meshes and Boundary Conditions

Meshes and boundary conditions used for the laboratory Cases H and I (a), and the prospective Scenarios O (b) and U (c). Eleven different meshes
were constructed to model all configurations of the study. In the areas close to the boulders, the mesh is refined down to an element size of 0.5 mm.

2D mesh (50457 triangles, 25491 nodes)

1.00 —=
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0754 @ Closed boundaries/walls (2,2,2) (a)
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< 0504
>
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0.00 - 5......................'......................'.............,.......:.....................'......................l.....................u'......................'..........i
0 1 2 3 4 5 6 7
X (m)
2D mesh (32339 triangles, 16419 nodes)
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Strickler Coefficient and Bedload Formula Choices

For these hydrodynamic simulations, we consider a flume in which there are only the fixed truncated cone-shaped elements with different Strickler
coefficient values (K= 30, 35, 40 and 45m?/3/s). Comparisons of the PBIAS, RMSE, and RSR values indicate that the value K=35m'/3/s provides the
smallest deviations between simulations and measurements. For this value, the average deviation between observations and measurements is 2.7 mm
(RMSE), and the PBIAS is less than 10% which indicates a very good performance of the model. For the other roughness coefficient in the replenish-
ment area and in the boulder area, the Strickler formula (K =21/ d;(/)(’; Strickler 1923) is used and then refined to match the erosion rate observed in
the flume for Case G. The best results are obtained with K=50m'/3/s in the replenishment area and K=18m'/3/s in the boulders area.

Depth profiles comparison for 1=0.3% and Q=75I/s

0.16
0.14
E 012
£ 010
Q.
S 0.08
E * —— K=30m**(1/3)/s
9 0061 — K=35m**(1/3)/s
g —— K=40m**(1/3)/s
0.04{ —— K=45m**(1/3)/s
0.02 + Mesured water depth IMFT
0 1 2 3 4 5 6 7
X (m)

Comparison between calculations and measurements of the longitudinal profile of the water height in the flume for a flow of 75L/s. Calibration
process of the Strickler friction coefficient K (from 30 to 45m'/3/s with an increment of 5m?/3/s).
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Bedload Formula Sensitivity Analysis

A sensitivity analysis on the transport laws implemented in GAIA showed that Van Rijn's and Wilcock and Crowe's formulas are close to the experi-
mental measurements. Van Rijn's law was chosen because it also allowed us to obtain temporal dynamics close to the observations.

Sensitivity analysis on transport formulas

100 1

-e- VanRijn's - Meyer-Peter and Muller
- Einstein-Brown -#- Engelund-Hansen
801 ~* Wilcock and Crowe X Case G IMFT

o))
o

N
o

Erosion rate (%)

N
o

Time (min)

Calibrated Parameters of Bedload Correction in GAIA Module

Recommended value in

Parameter Calibration possibilities GAIA Calibrated values
Direction of the sediment (Koch and Flokstra 1981) — Not used
transport .
B, (Talmon, Struiksma and Van [0.85;1.6] 0.85
Mierlo 1995)
Secondary flow effects on the e [0.75;1] Not used
direction of the bed shear stress
Skin friction correction a (Mendoza et al. 2017) [3; 3.6] 4
Magnitude of the sediment Dy, (mm) — 3.35
transport . .
Sediment density (kg/m3) 2650 2650
Critical shields parameter (—) 0.047 0.047
B (Koch and Flokstra 1981) 1.3 1.3
¢ (Soulsby 1997) [32°;40°] Not used
Bank failure algorithm ¢, sediment angle of repose 40° 40°

(maxslope;°)

Errors Indication

The bias indicator (PBIAS) measures the average tendency of simulated data to be larger or smaller than their measured counterparts. The optimal
value for PBIAS is 0, with low values indicating better accuracy for the simulations. Positive (respectively negative) values indicate an underestima-
tion (respectively overestimation) bias of the model (Gupta et al. 1999). The PBIAS, in percentage, is calculated as:

Y, (a;—p;) x 100
Il (@)

The model can be considered satisfactory if PBIAS <55% for sediment for a monthly time step. The bias provides information on the deviation of
the simulated data from the measured data but does not provide information on the magnitude of these deviations since the positive and negative
values compensate each other. To account for this magnitude, the deviations are characterized by their mean squared, to make them positive. One
commonly used error index statistic is the root mean square error (RMSE) (Chu and Shirmohammadi 2004; Singh et al. 2005; Vazquez-Amabile and
Engel 2005):

PBIAS = (A1)

(A.2)
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The RMSE indicates the error in units of the variable of interest, which facilitates analysis of the results. The closer the RMSE is to 0, the better is
the model. However, to qualify for what is considered a sufficiently low value, a model evaluation statistic called the RMSE-observations standard
deviation ratio (RSR) is recommended (Singh et al. 2005). The RSR normalizes the RMSE by dividing it by the standard deviation of the observations:

2
rsp — _RMSE__ VEii (pi—a)

~ STDEV,,, P
Zi <p,- —¢_1>

Singh et al. indicate that an RMSE value less than half the standard deviation is considered poor. Thus, when RSR <0.5, the model performance is
considered very good, and for RSR < 0.7, it is considered satisfactory for a monthly time step. In the study, we use a combination of visual verifications
and criteria calculations to evaluate the results of the numerical model.

(A.3)

Evolution of PBIAS over time Evolution of PBIAS over time
for bottom variable (case A) for bottom variable (case G)

1 1 ,
\ i

—401{ —o— Probel —e— Probe3 —401 —o— Probel —e— Probe3 N
—e— Probe2  —#— Probe4 —e— Probe2  —#— Probe4 Performance rating
-60 -60
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Spatiotemporal evolution of PBIAS and RSR of the bed evolution for each probe (probe 1: y=0.9 m; probe
2:y=0.8 m; probe 3: y=0.7 m; probe 4: y=0.6 m). The calculation is based on the measured flume bottom

for cases A and G.
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Comparison Between Cases A and G

Two-dimensional comparison of bed level and scalar velocity between Cases A and G. The 2D view of the bed level shows the shape of propagation
of the replenishment deposit. In Case A, there is a lateral propagation that is prevented in Case G by the presence of a row of boulders placed longi-
tudinally to the replenishment. The comparison of velocities shows that above the recharge the velocity is slightly lower in Case G than in Case A.
Upstream of the replenishment deposit, the scalar velocity of the flow is lower for Case G. We can also note a very important acceleration of the flow
approaching the downstream boundary condition; the flow regime is gradually varied along the channel. This observation is important because it
means that there is an upstream and downstream effect on erosion of the sediment deposit. In studying prospective scenarios, these effects must also

be considered.
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Effect of the Gradually Varied Flow on the Replenishment

The flow regime is not uniform in the flume. As a result, there is a gradual acceleration of the flow along the flume, impacting the erosion rate of the
replenishment deposit which is subject to upstream and downstream effects.

Erosion rate over time

Erosion rate over time
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Comparison of erosion rates according to the position of the replenished deposit, and schematic
drawing of the corresponding configurations
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