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Review of imaging-based measurement techniques
for free surface flows involving sediment transport
and morphological changes

Sandra Soares-Frazao

ABSTRACT

In order to validate the numerical methods aimed at the simulation of fast transient flows involving
sediment transport and morphological changes, data are required. However, field data are scarce,
or, if existing, are often inaccurate or incomplete, due to the difficulty to take reliable measurements
in such difficult flow conditions. Laboratory experiments constitute a good alternative to obtain
validation data for numerical models. When performing simplified experiments, a limited number of
well-identified flow features can be highlighted if appropriate measurements are taken. Advances in
experimental techniques in the last decades have significantly enlarged the field of possible data
acquisition, especially thanks to the development of non-intrusive techniques such as digital
imagery. Non-intrusive techniques are of paramount importance when considering sediment
transport because a measurement device interacting with the flow would also modify the observed
morphological features. In this paper, several imaging-based techniques are presented for water-
level and bed evolution measurements. The key features and advantages are discussed but also the
drawbacks of those techniques. The discussion is illustrated by different examples that have resulted
in data sets commonly used by scientists all over the world to test their numerical simulation tools.
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HIGHLIGHTS

® Review of imaging-based measurement techniques to provide reliable data sets for the
validation of numerical schemes.
® Application to water-level and bed evolution measurements.

Application to velocity measurements, including surface-velocity and velocity field in the flow.
® Presentation of data sets with experimental data available to the scientific community.
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Significant progress has been achieved in the last decades
regarding pure hydrodynamic flow modelling, with the
developments of numerous commercial or open-source
packages (e.g. Telemac, Mike, Flow2D, HEC, etc.). Coupled
with GIS tools, these have allowed increasing the level of
preparation of public authorities in charge of civil protection
in flood-prone areas. Among other initiatives, the EU Flood
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directive has obliged all member states to provide the popu-
lation with inundation and risk maps corresponding to
different flood scenarios.

However, heavy floods might also result in strong
erosion of riverbeds and soils. Such flows are observed all
over the world at an increasing rate, due among others to
climate change. Unfortunately, the development of flood
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prediction tools involving sediment transport is not as devel-
oped as pure hydrodynamic tools. There is still no clear
agreement in the scientific community regarding the best
appropriate mathematical models and governing equations
to predict morphological evolution. Moreover, the level of
uncertainty regarding soil composition is often too impor-
tant while reducing a riverbed to a single representative
grain size can lead to strongly inaccurate results.
Unfortunately, it is very difficult to monitor morphody-
namic flows in situ. Measuring the bed evolution of a real
river during a flood event appears until now as an imposs-
ible task, in such a way that available data sets based on
field measurements only provide scarce data about morpho-
logical evolution, obtained from a post-flood survey.
Laboratory experiments provide a means to partially
circumvent this difficulty. Well-controlled and reproducible
experiments can be performed, to prepare reliable data
sets allowing for the validation of numerical simulation
tools. However, there are two main difficulties regarding
experiments with sediments. First, scaling issues have to
be considered as the geometrical similitude (e.g. Froude
similitude) that can be applied to pure hydrodynamic
flows becomes hazardous with sediment. Indeed, depending
on the full-scale sediment size, a simple geometrical
reduction might result in a change of behaviour, from non-
cohesive grains to very fine grains subject to cohesion
effects. Therefore, a special care should be taken in the
design of the experiments, in order to ensure that the
appropriate features are properly measured. Instead of
working with scale models, small-scale setups can be

used, considered as prototypes having 1:1 scale, but still

representative of features observed in nature. So, instead
of using the measurements to scale up the results and inter-
pret them at a larger scale, the results are interpreted
directly, without any scaling. Such experiments are referred
to as idealized experiments, as they are designed to highlight
in a simplified way features that are observed in nature. An
example is provided by the bank erosion experiments
conducted by Soares-Frazdo ef al. (2007). In nature, as illus-
trated in Figure 1(a), bank erosion can result in a final quasi-
trapezoidal shape of the valley, with planar banks. In the
laboratory, as illustrated in Figure 1(b), an experiment of
bank erosion was designed where the banks also present a
planar shape after erosion because of the non-cohesive
material used. So, despite the small size of the laboratory
experiment compared to the real valley, the cross-section
evolution is comparable to what can be observed in the
field and the measurements can, thus, be used to validate
numerical simulation tools used is real-flow situations.

A second issue regards the measurement techniques.
Intrusive devices deployed into the flow might alter local
sediment transport and completely change the morphologi-
cal evolution. As an example, a level gauge or an ADV probe
plunged into the water might induce unexpected local scour-
ing. Therefore, non-intrusive techniques should preferably
be used, especially when fast transient flows are considered,
such as dam-break flows.

Digital imaging techniques offer a wide range of possibi-
lities to obtain accurate measurements in flows involving
sediment transport. Water levels can be measured if optical
access to the flow is available through a glass wall (e.g.
Soares-Frazdo 2007; Juez et al. 2017). Alternatively, to

Figure 1 | Geomorphic consequences of dam-break flow. (a) Lake Ha!Ha! 1996 dam break (Brooks & Lawrence 1999) and (b) bank erosion experiment (Soares-Frazao et al. 2007).



3 S.Soares-Frazdo | Imaging-based techniques for free surface flows with sediment transport

Journal of Hydroinformatics | in press | 2020

obtain field data for the water level, an opaque texture has to
be added to the water, as done, e.g., by Frank & Hager (2014)
in their breaching experiments. This, however, can be used
only for smooth water surfaces, and fast transient flows fea-
turing sharp surface slopes or hydraulic jumps are excluded.

As regards the velocity field, two different situations can
be considered: (i) the surface-velocity field and (ii) the vel-
ocity field in a vertical section of the flow. For surface
velocities, using floating tracers or any easily identifiable fea-
ture on the free surface, velocity fields can be obtained using
particle tracking velocimetry (PTV), as done, e.g., by Soares-
Frazdo & Zech (2007), or surface particle image velocimetry
(PIV), as in Creélle et al. (2018). For the vertical velocity dis-
tribution, flow illumination using a laser sheet allows to
isolate one single cross-section to measure the velocity
field during the flow using PTV or PIV techniques as
done, e.g., by Aleixo et al. (2o1) or Fent ef al. (2019). Particle
tracking was also successfully used by Persi et al. (2019)
for floating wood debris in order to calibrate a dynamic
Eulerian-Lagrangian model.

Finally, for the bed-level evolution, things become more
complicated as it is necessary to have an optical access
to the bed. Some recent developments using ultrasound
imaging systems by Zou ef al. (2018) allow to obtain three-
dimensional reconstruction of the bathymetry in laboratory
experiments. The process is, however, very complex and
offers only a limited field of view. More classical imaging
systems providing side views through glass walls allow to
measure one-dimensional flows as done by Capart et al.
(2002) for a dam-break flow, Juez ef al. (2017) for a slope evol-
ution experiment and Sadeghfam et al. (2019) for scouring. If
a single section of the flow is to be observed, one can use
a laser sheet as done by Fent et al. (2019) to isolate one
particular flow section. However, depending on the bed
morphology, it might be difficult to have an optical access
to this section and it might be necessary to film the flow
through the water surface (e.g. Soares-Frazdo et al. 2007).
In such cases, refraction effects have to account for.

Through a review of the recent literature about imaging
techniques and based on the experience of the author, this
paper aims at illustrating and discussing non-intrusive
imaging techniques to obtain measurements in idealized
dam-break flows involving intense sediment transport. The
main techniques used in the selected experiments are first

briefly presented. Then, based on experiments performed in
the author’s laboratory, a series of applications are illustrated,
each corresponding to an idealized representation of flow
features that can be observed in nature. For each application,
a test case with available published data for the validation of
numerical simulation tools is presented and the key chal-
lenges for numerical simulations are discussed.

DIGITAL IMAGERY FOR FREE SURFACE FLOW
MEASUREMENTS

Water- and bed-level measurements

These measurements require an optical access to the flow.
Different situations can be considered. The simplest case
consists in placing a camera normal to the flume equipped
with glass walls, assuming that the flow is constant over
the width of the flume. If the camera is perpendicular to
the flume and if it can be assumed that no distortion is
induced by the lens, images as illustrated in Figure 2(a)
can be obtained. The free surface can be easily identified
and applying a detection procedure as described in Soares-
Frazdo (2007), the free surface can be extracted (Figure 2(b)).
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Figure 2 | Dam-break flow experiments over a triangular sill (Soares-Frazao 2007): (a) raw
image and (b) detected free surface (axes in pixels).
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The detection procedure consists in identifying at each
abscissa in the image the vertical position of a sharp
change in greyscale. This, of course, requires preparing the
set-up in order to ensure a clear contrast at the flow free sur-
face. The result is then transformed from image coordinates
expressed in pixels to real-world coordinates based on a cali-
bration of the images defined prior to the experiments.

If the assumption of constant velocity over the flume
width is not valid, the technique can be improved by using
a laser sheet to illuminate only a selected section of the
flow. This was achieved by Fent et al. (2019) and is illustrated
in Figure 3 for the case of a dam-break flow over a mobile
bed. The detection procedure is based on the same principle
as in the previous case: the rough image (Figure 3(a)) is trea-
ted using appropriate filters (Figure 3(b)) to enable the
interface detection (Figure 3(c)).

If the camera cannot be placed perfectly perpendicular
to the flow, it is still possible to use the interface detection
methods but the transformation from image coordinates to

real-world coordinates is more complex. Such a case is illus-
trated in Figure 4, where the camera is placed along the
channel and makes an angle with the flow in order to ‘see’
a given cross-section of the flow illuminated by a laser
sheet. The line to be detected is the trace of the laser on the
channel bed. As can be observed in Figure 4(b), due to refrac-
tion by the water, this line is different above and below the
water surface. The treatment and especially the procedure
to transform the detected line into real-world coordinates is,
thus, still more complex, based on affine transformations to
account for the angle of view of the camera and the fact
that the detected line is above or below the free surface as
described in Soares-Frazdo et al. (2007).

Velocity measurements
Velocity measurements using digital imaging techniques are

based on particle tracking in the flow. Two main methods
can be used: the PTV that can be used when the single
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Figure 3 | Dam-break flow experiments over a mobile bed. Water and bed elevation detection from a laser-illuminated section of the flow.

Figure 4 | (a) Laser-sheet measurement technique and (b) image obtained before treatment (Soares-Frazao et al. 2007).
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particles can be followed from one image to the other, and (a)
the PIV that is based on correlation peaks for the position
of particles in portions of the image, referred to as interrog-
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ation windows.
The PTV technique was already described by Malik
et al. (1993) and then developed by Capart et al. (2002) and
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Spinewine et al. (2003) for idealized dam-break flow over

sediment bed, where the sediments were represented by ' 10 200 300 _ 400 500 600 700
plastic particles of a few millimetres diameter. As described ®) X (pixels)
by Capart et al. (2002) and illustrated in Figure 5, the key 03 . : . .
steps of the method to treat a series of images recorded at &
o o s . 0.25 1
a known frequency are (i) identifying the tracer particles = ;
on each image (Figure 5(a)); (ii) finding corresponding par- 0.2 Y ?_.:_“_- 3 d
ticles on the successive images using a Voronoi-based = - oYY
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tracking methodology (Figure 5(b)) and (iii) calculating the N ~ ‘i 3 g § N %&,‘*
distance travelled by each particle to obtain the local velocity | R
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(Figure 5(c)). The key issue to apply this PTV method is that oosb3 23 § -3 3%2 -
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the minimum size of the particles on the filmed images S LESS ST T A
should be about 4-6 pixels to allow accurate detection. How- 8>3 -0.1 0 0.1 0.2 0.3
ever, with the high resolution of even common cameras B
nowadays this is. in general not a problem Figure 6 | PTV applied to a dam-break flow over fixed bed (Aleixo et al. 2011): (a) rough
o i ’ ’ ) image in pixel coordinates with the neutrally buoyant particles and (b)
This methodology was also successfully applied to resulting velocity field in real-world coordinates.

obtain surface-velocity fields in fast transient flows seeded
with floating particles as described in Soares-Frazio &  between the PIV and the PTV is on the working principle:
Zech (2007). Using neutrally buoyant particles (high-density =~ PTV tracks individual particles, while PIV uses the patterns
polyethylene with a mean diameter of 2 mm), the technique of particles to determine by correlation their most probable
was applied to the measurement of the vertical velocity field  displacement between two successive images recorded with
in a dam-break flow over a fixed bed by Aleixo et al. (2o1r),as @ very small time interval (Raffel ef al. 2007). Both images
illustrated in Figure 6. are then divided into smaller areas, called interrogations win-
PIV has become in the last years an established tech- ~ dows. By correlating the correspondent interrogation
nique (Keane & Adrian 1992; Raffel et al. 2007; Tropea  Wwindows at time ¢ and time ¢ + dt, the displacement of the
et al. 2007) to measure velocity fields from filmed images in ~ correlation peak ds of the considered interrogation window
flows seeded with small tracer particles. The major difference ~ is found and the most probable velocity can be calculated.

Figure 5 | PTV following Capart et al. (2002): (a) particle detection, (b) matching of Voronoi diagram around the particles from two successive images and (c) resulting velocity field.
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This technique was applied by Fent et al. (2019) to
measure the velocity field in the dam-break flow over a
mobile bed illustrated in Figure 2. Here, the particles used
were pliolite particles of about 0.5 mm mean diameter,
much smaller than the particles used by Aleixo et al.
(2011). As can be observed, the flow is seeded with small plio-
lite particles that are illuminated by the laser sheet. Applying
PIV yields the results illustrated in Figure 7.

In these examples, PIV was applied to a vertical section
of the flow. However, the technique can also be used to
measure the velocity at the free surface of the flow (e.g.
Creelle et al. 2018). This type of application is referred to
as ‘Large-scale PIV’ as described already by Fujita et al.
(1998). In these cases, the PIV methodology is applied to
floating tracers for laboratory experiments. The technique
can be applied in the field, by tracking floating tracers or
even irregularities of the free surface, like small waves,
assuming that these irregularities travel at the same speed
as water and that they can be detected and followed by
the LSPIV algorithm. This LSPIV technique is becoming
more and more popular for flow measurements in natural
rivers, but will not be further discussed here.

Common features and requirements of imaging
techniques

All image-based measurement techniques present some
common features. First, a good optical access to the flow
is needed, as well as an appropriate calibration procedure
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Figure 7 | PIV measurements applied to a dam-break flow over mobile bed (Fent et al.
2019).

to translate the image measurements from pixel coordinates
to real-world coordinates. This procedure is simple when the
images are taken normal to the measurement plane. How-
ever, when the camera position is such that it makes an
angle with the measurement plane, appropriate affine trans-
formations should be used. If the bed evolution is measured,
refraction effects through the water surface should be
accounted for.

Then, the considered experiment should be highly repro-
ducible. Indeed, in order to obtain a complete set of data
covering a wide spatial and temporal range of the phenom-
enon, the experiment has to be repeated several times. This
reproducibility ensures that the measurements obtained for
different runs of the same experiment can be combined
into a single data set.

APPLICATIONS

Several applications are presented in the next sections, for
which experimental data are available to validate numerical
models. All the experiments presented here were conducted
at the Hydraulics Laboratory of the Institute of Mechanics,
Materials and Civil Engineering at UCLouvain, Belgium.

Transient flows over steep sloping beds

In steep catchments and mountainous rivers, erodible bed
channels are modified through sediment transport, which
takes place as bedload. Sediment supply can be increased
by soil erosion caused by heavy rainfall or decreased after
the installation of sediment trapping systems. The sediment
transport capacity of a stream can also be altered during
floods when the water discharge significantly increases.
One type of visible evolution is the migration of a local
change in the bed slope, referred to as a knickpoint. Several
knickpoint configurations exist in nature and the morpho-
logical evolution is governed by the bedload capacity and
hydraulic conditions.

This situation can be represented in the laboratory as an
initial knickpoint separating an upstream mild slope from a
downstream steep slope, the knickpoint being progressively
eroded by the flow. A first idealized representation of such a
flow in a knickpoint configuration was studied by Bellal
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et al. (2004) and Bellal et al. (2009), however, for small
slopes differences between the upstream and downstream
bed slope.

In the study of Juez ef al. (2017), an extreme situation
compared to the previous configurations was considered,
as shown in Figure 8. The initial bed slopes in the upstream
and downstream parts were 5.05 and 17.6%, respectively.
This experiment was carried out with an initial zero water
discharge that was progressively increased to 0.001 m>®/s in
10 s. The wetting front progressively migrated towards the
knickpoint and started eroding it. From that moment, the
evolution was fast and the downstream steep slope was sof-
tened to an equilibrium value of 7.8% all over the flume.
Since the peak erosion took place in just a few seconds,
only non-intrusive imaging techniques allow to follow and
decompose this very fast bed evolution. An example is illus-
trated in Figure 9.

From the numerical modelling point of view, these tests
aim at assessing the capability of numerical simulation tools
to reproduce the bed morphological evolution in time over
steep bed slopes. The key challenge concerns the applica-
bility of classical sediment transport formula and bed

0.195m

5.05% 17.6%

224 m 0.41 m

Figure 8 | Experimental set-up for the knickpoint test (Juez et al. 2017).

shear stress calculation to steep bed slopes where the differ-
ence between the water elevation above the bed z,, — 2
measured along the z-coordinate and the water depth 4
measured normal to the bed becomes non-negligible.

From the experimental point of view, the key challenge
consists of measuring simultaneously the water and bed sur-
face through the glass walls of the channel. Thanks to laser-
sheet illumination, these surfaces appear as a white line on
the recorded images. Using appropriate image correction
and calibration procedures, these surfaces can be trans-
formed into water surface and bed profiles in a global
reference system.

One-dimensional dike overtopping

One of the most important dike failure mechanisms is by
overtopping. Such an overtopping, caused by the failure of
the spillway gates opening system, resulted in the complete
failure of the Tous dam in 1982 as reported by Alcrudo &
Mulet (2007). A similar catastrophe could be avoided for
the Oroville dam in 2017 (Koskinas et al. 2019; Vano et al.
2019): due to discharge above the capacity of the service
spillway, the emergency spillways were used, resulting in
strong erosion of the unprotected downstream face of this
earthen embankment but fortunately, the complete failure
could be avoided. According to Visser (1995), several
stages can be observed during a dike failure, with in particu-
lar the progressive erosion of the dike crest, the transport of
the eroded material further downstream and the progressive
flattening of the downstream face slope that is initially steep
from a hydraulic point of view.
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Figure 9 | Evolution of the bed- and water-level profiles at time (a) 16.05 s and (b) 80.80 s (Juez et al. 2017).
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Such a dike overtopping was reproduced in the labora-
tory in a simplified one-dimensional version by Van
Emelen et al. (2015). This one-dimensional embankment over-
topping is representative for the overtopping of a slice of a
wide embankment. As shown in Figure 10, an initial sand
dike was built in a 10-m long and 0.2-m wide high horizontal
flume. The embankment height is 0.20 m, the crest length
0.10m and the upstream and downstream slopes are
1V:2H. A 0.05-m thick layer of sand is placed downstream
of the embankment, over a length of 1 m. This additional
sand layer allows studying the possible bed erosion down-
stream of the embankment, due to the flood generated by
the dike break, and also acts as a natural drain for the
embankment, avoiding any premature sliding of the down-
stream slope due to seepage through the embankment.

The sand has a uniform size distribution with dsg=
0.61 mm and the Manning friction coefficient was estimated
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Figure 10 | Flume and embankment geometry (in metres): plane view (above) and
elevation (below) (from Van Emelen et al. (2015)).

as 0.015sm !>, To ensure a good compaction of the
embankment, and the repeatability of the tests, a precise
procedure is followed to build and compact it. A 2-m long
and 1.2-m wide storage reservoir is located upstream of
the embankment, with an initial water level of 0.17 m. The
inflow in the reservoir is progressively increased at a con-
stant rate of 0.25s 2 until reaching a constant value of
2.5s !, which is maintained during all the overtopping test
duration. Downstream of the flume, water and sand flow
freely into a lower reservoir. The progressive evolution of
the embankment is illustrated in Figure 11.

From the numerical modelling point of view, the key
challenge in this test is the computation of the correct sedi-
ment transport rate as the water flows over a very steep
slope, far steeper than the range of validity of classical sedi-
ment transport formulations. As detailed in Van Emelen
et al. (2015), sediment transport in this test case occurs as
sheet flow, as the actual bed shear stress is far above the
critical shear stress. It thus allows testing different bedload
and sheet flow sediment transport formulations, as well as
slope correction factors to account for the reduced bed stab-
ility over steep slopes.

Two-dimensional dam-break flow over a mobile bed

Following a dam or dike failure, the water flows not only in
the initial riverbed but also inundates large areas located
behind the dike. For embankments built along rivers, a
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Figure 11 | Embankment (black curve) and water (grey curve) profiles at different times - initial dike in light grey (from Van Emelen et al. (2015)).
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local failure results in a flow invading an area that is usually
not subject to flooding because it is expected to be protected
by the dike. Such a situation was reproduced by Soares-
Frazdo et al. (2012), where a dam-breaching flow inundates
a wide downstream floodplain, resulting in strong scouring
immediately downstream of the breach and deposition
around the scour hole. As described by the authors, this
test case has been used as a benchmark for assessing the
capabilities of numerical simulation tools and the efficiency
of different modelling options.

The experimental set-up is illustrated in Figure 12. The
experiment consists in reproducing a dam-break flow in a
3.6-m wide channel with an initial 0.085-m thick sediment
layer. Two different configurations were considered: a dry-
bed case, where the sediments in the downstream part
were just saturated with water, and a wet-bed case with a
layer of 0.065 m water above the downstream sediment
layer. The upstream reservoir was filled with 0.47 m of
water in the dry-bed case, and the water was suddenly
released by the opening of a 1-m wide gate in the dam.

The resulting flow rapidly spread over the entire channel,
with intense bed erosion close to the failed dam and sedi-
ment deposition further downstream. The bed material
consisted of uniform sand with a Manning friction coeffi-
cient of 0.0165 m~"®s, the friction coefficient of the fixed
bed being 0.010m *3s. At the downstream end of the
flume, a sediment trapping system stops their progression,
and the water was collected in a tank. As explained in
Soares-Frazdo et al. (2012), this device had no influence
over the duration of the test. After 20 s, no more bed evol-
ution was observed so that the gate could be closed and
the channel slowly emptied. The final bed topography was
then measured using a laser technique, yielding a detailed
final DTM as illustrated in Figure 13 for the dry-bed case.
From these DTMs, measured with a horizontal resolution
of 0.05m, longitudinal or transversal profiles can be
extracted.

No bed evolution could be measured during the flow,
due to a poor optical access to the bed that is even worsened
by the very irregular water surface and the presence of
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Figure 13 | Final bed topography for the dry-bed case (from Soares-Frazéo et al. (2012)).

hydraulic jumps. However, water-level measurements could
be obtained during the flow at several locations. As illus-
trated in Soares-Frazdo et al. (2012), a good reproducibility
of the experiments could be achieved, despite the large
dimensions of the flume, thanks to a fixed procedure fol-
lowed to prepare the experiments and compact the initial
bed layer in a reproducible way.

From the numerical point of view, the key challenge in
this test case is the correct prediction of the scouring
depth downstream of the failed dam, as well as the depo-
sition height around the scour hole (Figure 12). It was
shown in Soares-Frazio et al. (2012) that the simulation
results were highly dependent on the mesh size and on the
closure equations selected to predict sediment transport.

Dam-break flow in a channel with erodible banks

In case of very strong flows in natural rivers, the banks can
be eroded and the valley completely reshaped. Such a case is
illustrated in Figure 1 for the lake Ha! Ha! dike break
reported by Brooks & Lawrence (1999) and Capart et al.
(2007). In particular, it can be observed that the eroded
banks present a slope equal to the natural angle of repose
of the bank material. Such a situation is represented in
Soares-Frazdo et al. (2007), where the morphological evol-
ution of a channel made of uniform sand with an initial
trapezoidal shape is investigated. As illustrated in Figure 14,
the set-up consists of a half cross-section with initial steep
banks. Assuming a symmetrical behaviour of the flow, this
choice of half cross-section allows an optical access to
flow. The bed and bank material consist of uniform grains
with dso = 1.8 mm.

-~
Ya
239 Upstream
reservoir
= 3 a0s
! Gate X
T 244 1 276 T 292 |

Figure 14 | Experimental set-up: (a) plane view and (b) cross-section. All dimensions in
centimetres.

By rapidly lifting up the gate separating the reservoir
from the channel, a dam-break flow is created that strongly
reshapes the cross-section. Thanks to the optical access
through the glass walls of the flume, the laser-sheet tech-
nique could be used to monitor the time evolution of the
entire cross-section. Again, a key challenge to obtain valu-
able data is to achieve a good reproducibility of the
experiments. Therefore, a fixed procedure to build the initial
trapezoidal shape ensuring the same level of compaction
between runs was followed.

The channel evolution after 4.9 s after gate opening is
shown in Figure 15. Despite the fact that bank erosion
appears as a random process with entire blocks falling
into the water, a good reproducibility of the experiments
was observed.

Sample results at cross-sections S1 and S6, located,
respectively, 0.25 and 1.50 m downstream from the gate

Figure 15 | Trapezoidal channel evolution at t = 4.9 s (from Soares-Frazao et al. (2007)).
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(located at x =0m) are illustrated in Figure 16. It can be
observed that the initial steep bank slope is progressively
smoothened by the flow, the final bank angle being equal
to the angle of stability of the bed material.

From the numerical modelling point of view, this test
case is challenging as it requires simulating bank erosion
processes with an appropriate mathematical formulation.
Indeed, if only bed erosion is considered, then the banks
might become unrealistically steep. However, the mathemat-
ical formulation to describe this bank collapse process is not
straightforward, as well as the coupling with the flow model.
Swartenbroekx et al. (2010) or Franzini & Soares-Frazdo
(2018) developed a geometric procedure where the local

S1 S6
z (m)
0.2r ’ 0.2r
0.1 sammee®™ 0.1%
] 0.2 0.4 ] 0.2 0.4
z (m)
0.2+ f 02r /

t=3s r=3s
O 1 ] O 1
a 0.2 0.4 g 0.2 0.4
z (m) ——
02r : £ 02r ’
01! 0-16-!
t=5s I=5s
O 1 ] O 1 1
0 0.2 0.4 0 0.2 0.4
z (m) JE— o
0.2+ 7 0.2-
0.14 / 0.1—!'/
t=10s r=10s
U. 1 1 U L 1]
g 0.2 0.4 0 0.2 0.4
z (m) . P
0.2+ / 02~
0.1% ”~ 0.1—,,.4/
t=15s t=15s
U i ] U L 1}
0 0.2 0.4 ] 0.2 0.4

y (m) Y (m)

Figure 16 | Evolution of sections S1 (x =0.25 m, left column) and Sé (x = 1.50 m, right
column) at timest = 1s,t =3s,t=5s,t=10sand t = 155 (from
Soares-Frazao et al. (2007)).

bank angle is compared to the angle of stability of the bed
material and adapted to simulate the mass failure of the
bank. The key challenge when implementing such pro-
cedures is to guarantee mass conservation of water and
sediment while accounting for the possible instability of
neighbouring portions of the bank after a local failure event.

One-dimensional dam-break flow over a mobile bed

A key difficulty with numerical simulations of flows involving
morphological changes by erosion and deposition is the
choice of the sediment transport equations, as highlighted,
e.g., by Van Emelen et al. (2015). Besides the choice of the
sediment transport equation, a key issue is the calculation
of the bed shear stress that appears in all these formulations.
This bed shear stress depends on the energy slope that is
usually expressed using Manning-type equations, originally
developed for uniform-flow conditions. However, in severe
transient conditions, when the flow is not yet fully developed,
the bed shear stress might be significantly different. In order
to investigate the velocity distribution close to the bed where
sediments are entrained, a dam-break flow experiment allow-
ing for the measurement of the velocity field was designed,
still using non-intrusive imaging techniques. This test also
allows for investigating the bed evolution in an idealized
one-dimensional configuration, as proposed by Spinewine
& Zech (2007) who studied dam-break flows over different
bed materials and measuring only the bed and water levels.
Then, taking advantage of the PIV technique, Fent et al.
(2019) could measure the velocity distribution in the flow.
The set-up used by Fent ef al. (2019) is illustrated in
Figure 17, the flume being 0.25 m wide and equipped with
glass walls for optimal optical access and a downward

Gate
h,=0325m
Sediment bed
y Z /
g $h=01m
. 3m
N 6m

Figure 17 | Experimental set-up.
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moving gate to prevent sediment from being entrained in the
flow by the gate movement. The sediment bed consists of
uniform grains with a median diameter dso=1.72 mm.
Measurements were taken through the glass walls of the
flume using a fast camera at a rate of 500 images per
second. In order to apply the PIV technique for the water
layer, the reservoir was seeded with neutrally buoyant plio-
lite particles that appear as with points on the images. A
laser sheet allowed to illuminate a longitudinal section of
the flow as illustrated in Figure 3.

Applying the PIV analysis to the clear water layer and
the moving sediment allowed to obtain a velocity field
over the whole image. A limit detection procedure was
also applied to identify the water surface, the limit between
the fixed and mobile bed, and the limit between moving sedi-
ment and clear water (Figure 6). These limits could be
identified thanks to brightness thresholds as no suspension
occurs in the present case.

Example results for the horizontal velocity profiles in
both the sediment and water layers are shown in Figure 18,

+—+
03 u=2ms"
Eo2 ]
n i :
T
0.1 i 1w o
00 04 038 12
x (m)
(b)
T T T T T ;_|- T
03} u=2ms' T
:
i A
|
15
0.0 0.4 08 12
x (m)

Q13 Figure 18 | Distribution of the horizontal velocity component in the moving sediment and

water layer at (a) t =0.7 s and (b) t =2.0 s (Fent et al. 2019).

where the thick lines indicate the limits between layers. The
detailed measurements available for this case allow for the
validation of both depth-averaged numerical models
aiming at predicting the bed evolution following a one-
dimensional dam-break flow, but also 2D-V models able to
reproduce the velocity field over the depth. Moreover, the
measurements can also be used to analyse different features
in the flow such as the velocity profile and the related bed
shear stress, or the pressure distribution in the flow.

CONCLUSIONS

In order to take measurements in fast free surface flows
involving sediment transport, non-intrusive measurement
techniques are recommended as they do not perturb the
flow and, thus, do not induce parasitic sediment movement
such as local scouring. Digital imagery, discussed in this
paper, is such a technique allowing to record data over a
whole field of the flow: a free surface profile, a bed elevation
profile or a velocity field. However, imagery techniques
require an optical access to the flow, either through the
sidewalls of the flume or through the water surface. In this
case, special care has to be taken to account for possible
refraction effects.

The use of a laser sheet allows taking measurements in a
spatially well-defined area by enlightening a selected cross-sec-
tion of the flow. When any type of particles is available in the
water column that can be illuminated by the laser sheet, par-
ticle tracking methods can be applied to measure velocities.

A key element for using such techniques is to properly
design the experiment. First, it should be easily performed
in the lab and be reproducible in order to allow for
combining several runs to form a complete data set. When
sediments are concerned, an appropriate methodology to
prepare the experiment should be designed to ensure the
reproducibility of the experiments. Indeed, different levels
of compaction or initial sand moisture can result in different
results regarding water levels and velocities. Secondly, a
good optical access to the flow and uniform light conditions
should be achieved. Uniform light conditions ensure a uni-
form treatment of the images where key features of the
flow can be easily identified in order to allow for automated
treatment. Finally, a reference system should be defined and
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a proper calibration is performed together with the measure-
ments to allow for the transformation from image
coordinates in pixels to real-world coordinates. The cali-
bration procedure should consider possible refraction
effects that might depend on the water depth.

In this paper, we have presented several test cases that
were designed according to these guidelines and that form
data sets usable for the validation of numerical models.
Each data set highlights particular features of the flow in
an idealized way that is, however, representative of some
aspects of real-flow features that can be observed in the field.
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