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Abstract. The Outdoor Experimental River Facility (OERF) is a new large-scale, semi-natural research facility
designed to study river dynamics at scales that bridge small laboratory models and natural rivers. The facility
comprises a 50m long, 20 m wide floodplain corridor and is designed to sustain discharges up to 800Ls™!,
allowing subcritical, fully rough flow with field-like Reynolds numbers approaching 107 — beyond values typ-
ical of small-scale planform experiments constrained by Froude similarity. This paper reports the first of three
planned experimental campaigns at the OERF, providing a foundational assessment of facility capabilities and
operational constraints to guide subsequent sinuous and vegetated experiments with sediment recirculation. In
an initial 338 h (~ 14 d) straight-channel run without upstream sediment supply, a bi-modal gravel-sand bed
(initial median diameter = 10 mm) progressively armoured to ~ 22 mm, and reach-scale planform change re-
mained modest despite a width-to-depth ratio of 12 and near-threshold mobility. A three-phase, mathematically
designed inlet bar—pool perturbation increased local velocities by 8 %—27 % and produced limited lateral bank
erosion (~ 2.5-7.5 cm). The results delineate a narrow operational window for sustained bar growth and migra-
tion, long adjustment times, practical constraints of outdoor operation, and the moderating role of bank-material
strength and toe armouring. Together, these findings show that field-like hydraulics are achievable within the
facility while clarifying what limits mobility at this scale, and they motivate future experiments that couple
hydrodynamic similarity with controlled sediment recirculation/feed and refined boundary controls to advance
understanding of controls on bank erosion and planform evolution.

from transient, and multi-scale feedback often acting near

Rivers shape landscapes over geologic time-scales (Wohl,
2020; Sklar, 2024), which on human time-scales, can
threaten infrastructure and ecosystems through erosion and
flooding (Wohl, 2010; Smith, 2020). Predicting reach-scale
planform dynamics such as riverbank erosion and channel
migration rates remains difficult (Saadon et al., 2021), since
evolution depends on many coupled processes such as flow
dynamics, sediment transport and sorting, and bank strength
and failure processes (Kleinhans et al., 2024). Existing mod-
els cannot capture all these relevant processes that emerge

thresholds and under highly variable conditions (Church and
Ferguson, 2015; Zhao et al., 2022). This persistent challenge
has motivated a research philosophy of process-based inves-
tigation that spans diverse approaches (e.g., field monitoring,
physical modelling, and numerical simulation) and at scales
that range from small laboratory water tables to field-scale
experiments (Paola et al., 2009). Some of these processes,
such as sediment sorting and cohesive effects are scale-
dependent, and are inherently difficult to study at planform
scale with existing facilities (Kleinhans et al., 2014, 2024).
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In order to preserve the similarity of the processes affect-
ing planform evolution, researchers have moved from con-
ventional engineering scaling, which is unfeasible, to more
effective relaxed scaling requirements (Paola et al., 2009;
Kleinhans et al., 2014, 2024). These experiments typically
aim to: (1) maintain the relevant flow regime (typically sub-
critical flow, appropriate for investigations of morphological
features such as alternate bars); (2) ensure sediment is mobile
at the intended transport stage and mode (e.g., bedload vs.
suspension, partial vs. full mobility); and (3) achieve the right
hydraulic resistance regime at the boundaries (e.g., hydrauli-
cally rough bed vs. viscosity-dominated). To simultaneously
satisfy these requirements at reduced scales, researchers of-
ten force deliberate distortions, such as vertical exaggeration,
steepened channel slope, or the use of lightweight sediment
(Gorrick and Rodriguez, 2014), each of which can alter flow
dynamics or sediment transport (e.g., Ashworth et al., 1996;
Lu et al., 2013; Kleinhans et al., 2015).

Studying planform evolution processes at reduced scale
commonly challenges simultaneous satisfaction of these
scaling rules, especially with evolving bed and banks. Most
physical modelling experiments with erodible boundaries are
conducted in small-scaled laboratory flumes (Métivier et al.,
2017; Phillips et al., 2022). These models typically feature
streams with depths less than 10cm, median grain sizes
(Ds0) less than 10 mm, widths less than 1 m, and discharges
on the order of 10 Ls™!. In such setups, a hydraulically rough
bed can conflict with the need for sufficient sediment mobil-
ity (Kleinhans et al., 2014). Many experiments therefore end
up bedload-dominated and thus behave morphodynamically
more like gravel-bed rivers (e.g., Van Dijk et al., 2012), while
scarcely representing suspension-dominated sand-bed rivers.
This limitation is more evident for floodplain flow when flow
depth is shallower than 1cm (e.g., Braudrick et al., 2009)
which is likely laminar. Accordingly, floodplain construction
and bank strength that strongly depend on fine-sediment ex-
change and overbank deposition tend to be under-represented
in small-scale experimentation (Lajeunesse et al., 2010).

Investigating scale-dependent processes requires larger-
scale research, which is challenging. Bank erosion is gov-
erned by near-bank stresses and turbulence structure that
contribute to sequences of toe scour, undercutting, and mass
failure (Simon et al., 2000; Engel and Rhoads, 2017; Das et
al., 2019). For example, Roy et al. (2020) observed in con-
trolled undercut experiments that near-bank turbulence inten-
sities peak within the most eroded zone, highlighting how
turbulence strength (i.e., at sufficiently high Reynolds num-
ber) can govern bank erosion rates. In gravel-bed rivers, for
example, the near-boundary entrainment is dominated by tur-
bulent stresses, and the forcing experienced by banks and
bed grains is mediated by large, energetic flow structures
rather than by mean flow alone (Roy et al., 2004; Nikora,
2007). Biota (e.g., vegetation and microbial effects) and co-
hesion play a vital role in controlling bank erosion (van Dijk
et al., 2013; Vignaga et al., 2013). These effects are scale-
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dependent and difficult to represent at small scales. As stated
by Kleinhans et al. (2014, p. 44), “no convenient theory is
available to scale bank erosion rate and floodplain sedimen-
tation”. These challenges make meandering experiments typ-
ically more demanding to sustain than braided patterns (e.g,
Peakall et al., 2007; Braudrick et al., 2009). Furthermore,
sediment sorting can be scale-dependent. Not only does scal-
ing down a gravel-sand mixture often force the finer fraction
into the silt-clay range, but viscous effects can then dominate
the transport, inhibiting the non-cohesive sorting and armour-
ing processes that are naturally dominant at the prototype
scale (Hassan et al., 2024). These dependencies do not imply
that low Reynolds number experiments are unrepresentative
in general (Paola et al., 2009), rather, they identify specific
mechanisms (particularly those tied to flow anisotropy, in-
termittency, turbulence structure, secondary circulation, bank
material strength, and bank—floodplain exchange) for which
regime fidelity becomes more essential.

Despite the importance of large-scale experiments for
studying scale-sensitive processes in river morphodynamics,
there are only a few large-scale experimental flume channels
available. The Outdoor StreamLab (OSL) at the St. Anthony
Falls Laboratory (SAFL) in Minnesota, USA (operational
since 2008), offers a 40 m x 20 m basin with a meander-
ing sand-bed stream, enabling for example detailed studies
of sediment transport and flow-vegetation interactions under
controlled yet field-like conditions (UMN-CSE, 2023; Mé-
tivier et al., 2016). The River Experiment Center (REC) at the
Korea Institute of Civil Engineering and Building Technol-
ogy (KICT) in Andong, South Korea (established in 2009),
features three prototype channels, each approximately 600 m
long, facilitating large-scale experiments on flow patterns,
sediment transport, and hydraulic structure stability (KICT,
2023; Han et al., 2019). The Aqua Restoration Research Cen-
ter (ARRC) in Kakamigahara City, Japan (operational since
1998), includes three 800 m long experimental streams de-
signed to simulate natural river conditions (PWRI-NRDA,
2023). Together, these facilities have deepened our under-
standing of rivers, resulting in more than 50 publications on
a range of topics, as illustrated in Fig. 1. However, none of
them allow for dynamic evolution of the river planform at
a reach scale. Therefore, expanding and diversifying experi-
mental facilities is crucial to accurately capture the complex-
ity of river behaviors.

At the Université de Sherbrooke, in Quebec, Canada, a
large-scale river facility known as the Outdoor Experimental
River Facility (OERF) has recently been constructed (opera-
tional since 2019) to help bridge the gap between field and
laboratory-scale studies. This large-scale facility is unique
in its ability to allow the banks to erode, allowing for nat-
ural processes of bank erosion and planform evolution to
occur. This paper reports on the first of three planned ex-
perimental campaigns at the OERF, which together aim to
isolate key controls on bank erosion and planform adjust-
ment: (study 1) a straight channel with no sediment supply
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Figure 1. Number of publications from the large-scaled outdoor experimental facilities: Outdoor StreamLab (OSL) at the St. Anthony Falls
Laboratory (SAFL), River Experiment Center (REC) at the Korea Institute of Civil Engineering and Building Technology (KICT), and Aqua
Restoration Research Center (ARRC), with categorized research fields contributions. Only English language articles published in journals
with an impact factor greater than 1.5 according to the 2024 Clarivate Journal Citation Report are included.

(this study); (study 2) a sinuous channel with sediment re-
circulation; and (study 3) a vegetated sinuous channel with
sediment recirculation. We view this paper as a foundational
exploration of the facility’s capabilities and operational chal-
lenges, providing essential lessons for the design of subse-
quent experiments, and sharing these capabilities with the
broader research community. It is hoped that publicizing the
OERF’s capabilities will foster research partnerships to de-
sign and conduct future experimental campaigns. In this pa-
per we: (1) introduce the design and capabilities of the OERF,
and compare it to natural rivers and other facilities; (2) re-
port the results of initial experiments in a straight channel
configuration, including the effects of a novel bar perturba-
tion; and (3) evaluate these results to illustrate opportunities
and constraints of working at large scale. We frame the study
around four themes relevant to large-scale experimentation:
(i) the narrow operational window in parameter space for
sustained bar building and lateral migration; (ii) the longer
adjustment timescales of a large system and the transient
evolution away from initial conditions; (iii) the challenges
of an outdoor setting (e.g., seasonal algal growth, rainfall,
wildlife); and (iv) the importance of bank-material strength
and toe armouring for erosion.

2 Facility design and capabilities

2.1 Facility components

The OERF (Outdoor Experimental River Facility) is com-
posed of four primary components: a main reservoir, an
approach channel, a river-floodplain basin (50 m long and
20 m wide), and a sediment trap (Fig. 2). The OEREF recircu-
lating system stores up to 1500 m> of water. Water is pumped
from the main reservoir to the approach channel, which is de-
signed to dissipate energy and reduce turbulence before the
flow enters the river floodplain. A sharp-crested weir is situ-
ated at the transition between the approach channel and the
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floodplain, which can be used to measure flow. Once the wa-
ter passes through the river floodplain, it flows into the main
sediment trap before returning to the main reservoir.

The water circulation at the OERF is controlled from a
pump house, with remote operation capabilities via a lo-
cal WiFi network and emergency stop buttons located near
the floodplain for safety. The water system is driven by two
variable-speed 100 hp centrifugal pumps, which together can
deliver a maximum flow rate of approximately 800Ls™!.
The facility includes a dedicated bay for a third identi-
cal pump, enabling a future increase in capacity to about
1200 Ls~! without major civil works.

To maintain hydraulic equilibrium and prevent groundwa-
ter exchange, the reservoir, approach channel, and river re-
gion are lined with an impermeable geomembrane. In the
river floodplain corridor, the membrane is buried beneath a
substrate layer at least 1 m thick, which is composed of silt,
sand, and gravel. The experimental corridor can accommo-
date various river geometries based on experimental designs
and objectives. The corridor substrate and surface grain-size
distribution are specified on a per-experiment basis.

Reconfiguring the bed from one experiment to the other
typically involves (i) removing and stockpiling the existing
substrate, (ii) placing a new substrate (either freshly deliv-
ered material or a processed fraction of the existing sub-
strate), and, when needed, (iii) sieving and/or blending us-
ing heavy machinery (e.g., excavators and a rotary drum
screener) under close guidance of the research team. Survey
control (GNSS, total station, and laser levels) is used to set
elevations and slopes, and ground marking is used to guide
trenching of the designed channel. The heavy-machinery
phase (substrate handling, rough grading, and placement of
coarse protections) can be completed in up to 3 full days for
a typical channel rebuild, while subsequent manual finish-
ing (e.g., trimming banks and side slopes, detailing geomor-
phic features, or local surface conditioning) commonly re-
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Figure 2. The Outdoor Experimental River Facility Components. (a) Plan view, (b) distorted cross-section in the floodplain at 20 m upstream
the river outlet, the potential evolution width and incision depth vary with floodplain slope shown on the secondary (right) y axis. Green
dashed lines extend the design corridor side-slope, while the red line marks the geotextile boundary. (¢) Oblique aerial drone photo of the

facility.

quires from 1 to 2 weeks, depending on the required level of
geometric detail; experiments involving vegetation establish-
ment require longer preparation times. As the facility is not
yet winterized, major reconfigurations are generally limited
to one primary channel design per operating season (approx-
imately April to November).

Both the inlet and outlet boundary conditions are im-
plemented using temporary control structures (e.g., wooden
weirs) that can be adjusted in elevation and geometry to
meet experiment-specific targets (e.g., water-surface ele-
vation, conveyance, and measurement configuration). The
downstream control for the experiments reported here was
managed using an adjustable sluice gate constructed from
plywood logs, with the opening tuned to limit backwater ef-
fects in the study reach. To reduce sensitivity of the experi-
mental reach to local scour/deposition at the boundaries, the
bed near the inlet and near the outlet is locally protected with
small sections of bed leveled riprap (with protection lengths
adapted to the targeted discharge range and experimental ob-
jectives).

The facility is designed to accommodate sediment trans-
port experiments with and without external sediment sup-
ply. The sediment recirculation system was under construc-
tion during the initial experiments presented in this paper,
therefore sediments were not recirculated. The sediment-
recirculation system will enable controlled reintroduction of
a sediment—water mixture pumped from a smaller down-
stream sediment trap to the upstream inlet. The system will
employs a 6in. eductor (Model FFTLS14-6-D, Elmridge Jet
Apparatus) driven by a secondary motive pump (20 hp); the
eductor will use differential pressure to entrain sediment and
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water via a vertically oriented 3 in. suction pipe. The recir-
culation loop will be provisioned for instrumentation with
manometers on the motive and suction lines and a flowme-
ter unit at the discharge line. At the outlet, both bedload and
some suspended material will be captured with reinjection ei-
ther in a highly mixed zone immediately downstream of the
inlet weir or via a transverse manifold designed to normally
distribute sediment across the channel width. This upgrade
should be paired with equipment for quantifying supply (e.g.,
inline mass/flux monitoring) and for repeatable sampling of
the injected mixture.

2.2 Data acquisition capabilities

The OEREF is designed to allow the floodplain corridor to
drain completely when the pumps are stopped, facilitating
rapid and efficient data collection. Topographic data are ac-
quired using multirotor UAVs capable of RGB photogram-
metry (e.g., DJI Matrice 300 series), multispectral imaging
(e.g., DJI Mavic 3 Multispectral), and LiDAR (e.g., Zenmuse
L2). Ground-based elevation control and survey are obtained
with GNSS-RTK receivers (e.g., Leica GS18) and a robotic
total station (e.g., Leica Viva TS15); laser levels are used for
rapid local elevation checks, slope adjustments, and instru-
ment setup.

Hydrometric measurements are supported by pressure
transducers for stage monitoring. Flow velocities within the
channel are measured using either large-scale particle image
velocimetry (LSPIV) from UAV video, electromagnetic cur-
rent meters (ECM), acoustic Doppler velocimeters (ADV),
or propeller-type current meters. Sediment-transport sam-
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pling infrastructure includes portable bedload samplers (e.g.,
Helley—Smith) and bedload traps (e.g., Bunte-type) deploy-
able at selected cross-sections.

2.3 Comparison with natural rivers and existing facilities

As a large-scale outdoor facility, the OERF is situated be-
tween typical small-scale laboratory channels and natural
rivers. The green shading in Fig. 3 shows a design envelope
of feasible combinations of discharge, slope, median grain
size, and channel width that can be configured within the fa-
cility limits. These combinations were computed from stan-
dard open-channel hydraulic relations, assuming a rectangu-
lar cross-section and normal depth (MATLAB code in the
supplements).

Within this parameter space, researchers can use the OERF
to work at meter-scale widths while maintaining field-like
hydraulic similarity. Typical combinations yield turbulent,
subcritical flows with Reynolds numbers clustered around
Re ~10° and Froude numbers near Fr ~0.6. These values
overlap the low-width corner of the natural-river data com-
pilation (Re ~ 10°) and extend beyond most small-scale fa-
cilities (Re &~ 10%) while keeping Fr < 1 over most of the en-
velope. Scaling to larger rivers with Re = 10% would still re-
quire some relaxation of Reynolds similarity, but the present
regime preserves the essential turbulent character at widths
(0.2-5m) and grain sizes (D50 = 2—100 mm).

Practical constraints make the current operational win-
dow narrower than the theoretical envelope. Pump capacity
(Omax ® 800Ls™ 1), slope <3 %, depth <0.5m, and avail-
able sediment sources limit D5y given the attainable com-
binations of velocity and depth. Outdoor operation adds ex-
pense, variability (e.g., algal growth, rainfall), and bank prop-
erties (roughness, strength) are more difficult to control than
in a smaller flume. Consequently, only a subset of parameter
combinations is currenlty practical for sustained runs.

Even with these constraints, the envelope reaches dimen-
sionless regimes associated with bar formation and planform
dynamics. Width-to-depth ratios span from single digits to
on the order of 102 (median =~ 16, max ~221), and maxi-
mum bankfull Shields numbers approaching ~ 1.45 at D5,
of 2mm. Thus, there exists a parameter space where the
OERF can be configured to probe questions about scale-
dependent processes. With the ability to sustain field-like
Reynolds number on the order of 10, researchers are en-
abled to test bank erosion, near-bank turbulence, and migra-
tion processes under fully rough and turbulent conditions.
The 50m x 20m corridor provides lateral accommodation
to study secondary circulations and channel-floodplain ex-
change. Floodplain can be built from mixed sand-gravel sub-
strates and, where desired, amended with fines and live vege-
tation. Bank strength can, therefore, evolve through root rein-
forcement and microbially mediated aggregation under out-
door conditions (sunlight, temperature, rainfall).
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3 Initial experiments at the OERF

3.1 Design of initial experiments

To test the operation and capabilities of the OERF, we con-
ducted a series of preliminary experiments. Detailed descrip-
tions of the design and results of the initial experiments are
available in the publicly available MSc thesis of Dickson
(2023). These initial runs were designed to explore thresh-
olds in channel planform evolution without inlet sediment
supply. Rather than targeting sustained free alternate bars or
reach-scale incipient meandering, we tested whether a con-
trolled, localized bed topography perturbation could gen-
erate forced bar-like responses with associated near-bank
forcing and sediment sorting (armouring) under sediment-
limited conditions. A 90 h conditioning run (Phase 0 in Ta-
ble 2) preceded the imposed perturbation to allow water-
working of placed sediments to allow the bed to adjust to
initial hydraulic conditions. Subsequent phases introduced a
controlled bar—pool perturbation near the inlet (Sect. 3.2) in
three height increments to evaluate whether a localized topo-
graphic impulse could trigger development of alternate bars
and lateral migration under sediment-limited conditions.

Operating conditions (Table 1) included: steady discharge
(Q)=720Ls~!, bed slope (S)=0.005, trapezoidal cross-
section geometry (2H : 1V), bottom width (W) =2.5m, and
median surface grain size (Dsg) =10 mm). These choices
yield subcritical, fully rough flow (Fr 220.63; Re 22 x 10%)
at width—to—depth W/D ~ 12. Although bar theory sug-
gests that free, migrating alternate bars typically require
W/D 2 20-25 (Kleinhans and van den Berg, 2011; Klein-
hans et al., 2024) and are rarely observed when W/D < 10
(Crosato and Mosselman, 2020), we selected a moderate
W/D ratio to balance sediment mobility with experimen-
tal control. This design choice was based on the assump-
tion that topographic perturbations can force bars to develop
in channels with W/D ratios below the free-bar threshold
(Redolfi et al., 2021). Furthermore, scaling analyses indi-
cate that small-scale laboratory channels require W/D ra-
tios approximately 1.5 times larger than their natural counter-
parts to reproduce equivalent bar patterns (Kleinhans et al.,
2014). In these initial exploratory runs, we therefore aimed to
probe the thresholds for morphodynamic adjustment by im-
plementing a controlled, incrementally increased perturba-
tion, while operating within a conservative mobility regime
to avoid a rapid transition to multi-thread behavior. This con-
figuration placed the experiment within the OERF’s opera-
tional envelope (Fig. 3), preserving field-like turbulent simi-
larity while remaining practical to implement.

The initial bed and banks were composed of the flood-
plain material placed over the geomembrane, featuring a bi-
modal grain-size distribution (GSD) of coarse gravel and
sand (Fig. 4). The sediment composition includes approxi-
mately 50 % gravel, 46 % sand, and 4 % of fines, with parti-
cle sizes ranging from less than 0.08 to 112 mm, which cor-
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Table 1. Initial experimental river conditions at the OERF.

Parameter Value

Bankfull discharge 720Ls™!

Bed slope 0.005

Geometry (side slope) Trapezoidal 2H : 1V)

Bottom width

2.5m

Median grain size, D5 10 mm
Average depth 0.25m
Froude number, Fr 0.63
Reynolds number, Re 2% 10°
Bankfull Shields number at Dsq, 650  0.064
Suspension/washload Transport ratio 40 %

Earth Surf. Dynam., 14, 175-190, 2026

responds to a poorly sorted GSD according to Folk and Ward
(1957), with a Sorting Coefficient of 1.2.

The experimental channel conditions were designed to
generate an average transport stage (i.e. ratio of Shields pa-
rameter to a critical value of 0.045) greater than 1.2. Here,
the critical Shields number for Dsy was chosen to be 0.045
as suggested by Buffington and Montgomery (1997). Under
these initial conditions (Table 1) more than 60 % of the ini-
tial GSD was predicted to be transported as bedload or no-
motion, with a transport capacity of up to 50kg min~! us-
ing the surface-based predictor of Wilcock and Crowe (2003)
(Fig. 4).
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right. Background shading denotes bedload transport regime threshold based on the Rouse-number = 2.5 (Borsje et al., 2014).

3.2 Inlet perturbation design

Previous experimental studies have used controlled perturba-
tions to trigger bars and bend instabilities. The objective is
to simulate perturbations in the inflow and sediment influx
that are observed in nature. However, there has been various
designs for these perturbations in experimental geomorphol-
ogy. Early laboratory studies used a static planimetric pertur-
bation by imposing an inflow at a fixed angle (e.g., Fried-
kin (1945); see Kleinhans et al. (2024) for historical con-
text). This approach was later adopted in river experiments
which aligns with the theoretical framework of Lanzoni and
Seminara (2006). In theory, bend instabilities create distur-
bances that propagate downstream which require persistent
upstream forcing to sustain meandering in relatively short
flumes; a condition later proven mathematically by Weiss and
Higdon (2022). Based on Friedkin (1945) simple configura-
tion, Braudrick et al. (2009) aligned the entrance channel at
a small angle to a downstream straight reach, creating a bend
that seeded flow vorticity, bank erosion, and meander growth.
While Van Dijk et al. (2012) used a transversely movable in-
let to impose time-varying planform forcing and accelerate
meandering. In straight channels, other work has promoted
alternate-bar development by partially blocking the upstream
entrance (Nelson et al., 2010). Here, we used a constructed
bar—pool unit near the inlet to perturb the flow with the goal
of catalyzing bank erosion.

We designed the bar—pool unit following the morphomet-
ric framework of Redolfi et al. (2020) and Froude-similitude
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outlined by Parker et al. (2003) (Fig. 5). To ensure mor-
phological consistency, the scaling factor was determined by
identifying the discharge in the Redolfi et al. (2020) exper-
iments that produced a width-to-depth ratio comparable to
that of the present study. This condition was met at a dis-
charge of 2.5Ls~! in their flume experiments. Based on this
reference case, we adopted a scaling factor of 10, consistent
with scaling ratios derived for discharge, channel width, and
median grain size. Accordingly, the dimensions of the per-
turbation structure were scaled to 230 mm in height, 43 mm
in relief, and 21 m in wavelength. Relief is defined as the
standard deviation of detrended bed elevations within the bar
unit, which is about one-fifth of the maximum bar height
(Fig. 5).

To generate the perturbation topography, Fourier
components (harmonics) were applied as 7n(x,y)=
Zn’m|Anm|cos(rrmy/W)cos(Znnx/L + ¢nm), with am-
plitudes (Apm) and phases (¢nm), for longitudinal (n) and
transverse (m) modes tuned to reproduce a realistic bar-pool
asymmetry (Fig. 5). A sensitivity analysis of these harmonics
can be explored at https://www.math3d.org/NJYVGn2Eg
(last access: 12 February 2026).

We only constructed the upstream half of the unit to ex-
plore whether subsequent erosion and deposition would ex-
tend the bar-pool morphology downstream. The bar was
made with non-erodible (sandbags filled with < 10 mm sed-
iment) to preserve geometry between phases; the adjacent
pool was excavated into the bed substrate to maintain cross-
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Figure 5. Schematic of the inlet perturbation location with harmonics superposition.

Table 2. Experimental duration by phase.

Phase  Description Total (h)
0 Armouring/no bar 90
1 One-third bar height 15
2 Two-thirds bar height 28
3 Full bar height 205

sectional area as bar height increased through three steps
(Table 2). We positioned the perturbation near the inlet to
maximize its hydraulic influence and the usable experimental
length downstream. We allocated approximately 4.45m of
upstream channel length for post-cascade energy dissipation
and an additional 4.0 m for flow development (Fig. 5).

3.3 Rationale and hypothesis for experimental design

Meandering initiation thresholds and planform adjustment
pathways have been documented previously for gravel-
bed channels (Knighton, 2014; Rhoads and Welford, 1991;
Rhoads, 2020). Straight channel configurations are inher-
ently unstable, and under a range of conditions should evolve
into a meandering pattern through stages as described by
Knighton (2014). Initially, bedform development (Stage 1)
leads to the formation of alternating bars that concentrate
flow and drive bed erosion (Rhoads and Welford, 1991).
Subsequently, the formation of pools and cross-over riffles
(Stages 2 and 3) amplify bank erosion and accelerate bend
formation (Rhoads, 2020), ultimately resulting in increased
sinuosity characterized by riffles at inflection points and
pools at bend apexes. Laboratory studies have demonstrated
that inlet perturbations or geometric asymmetries can seed
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this sequence of planform evolution (Braudrick et al., 2009;
Van Dijk et al., 2012).

In designing our initial experiments in the OERF, we hy-
pothesized that under steady discharge and in the absence
of upstream sediment supply, meandering could still develop
due to entrainment of sediment supplied by bank erosion
leading to downstream bar development. In particular, we hy-
pothesized that a localized bar—pool perturbation would con-
centrate shear stress near the outer bank, enhance secondary
circulation, and trigger initial bend growth via bank erosion,
pool scour, and downstream deposition of eroded material
into bars. The null hypothesis was that the armoured chan-
nel bed would remain stable, inhibiting sediment transport
and morphological evolution over the time scale of the ex-
periment. This would be consistent with experiments show-
ing that terminating upstream sediment supply can eliminate
alternate bars and promote bed coarsening (Venditti et al.,
2012).

3.4 Measurements and data processing

High-resolution topography was acquired at the end of
each of the four phases using multirotor UAV im-
agery for structure-from-motion (SfM) photogrammetry with
80 % forward and side overlap at a flight altitude of 10 m.
Flights used a DJI Mavic 2 Pro; when that drone was un-
available, a DJI Mini 2 was used, which increased DEM
noise relative to the Mavic 2 Pro. Ground control points
(GCPs) were established with a Leica Viva TS15 total sta-
tion set with benchmarks that had been established by GNSS-
RTK. Each flight was georeferenced using a minimum of 6
and a maximum of 12 GCPs. Images were processed in
Pix4Dmapper with phase DEMs and orthomosaics were ex-
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ported at a 2 mm grid resolution. DEMs of Difference (DoD)
were then computed in ArcGIS between phases to map ero-
sion and deposition within the corridor applying a minimum
detectable change threshold of 2.5 cm.

To track bed-surface coarsening, nadir photographs were
acquired at fixed locations using a smartphone held approxi-
mately 90° to the bed. Each image covered a 1.0 m x 0.70 m
patch and included a metric ruler for scale. Images were im-
ported to AutoCAD (2D) and scaled by matching the pho-
tographed ruler length. A 5cm mesh grid was overlaid and
a grid-by-number sampling was performed (Bunte and Abt,
2001). The b axis was digitized as a polyline, yielding about
275 pebble measurements per patch. Surface size distribu-
tions were computed from the empirical cumulative distribu-
tion of the measured b axes.

Velocity profiles were collected with a side-looking acous-
tic Doppler velocimeter (ADV) mounted on a rigid traverse.
The measurement cross-section was located at the bar apex.
A fixed sampling grid was used: near-bank rows were 2.5,
5.0, 7.5, 10, 15, and 20 cm above the bed with lateral offsets
of2.5,5.0,7.5, 10, 15, and 20 cm from the bank; mid-channel
columns were 100, 140, and 180 cm from the bank with ver-
tical offsets of 2.5, 4.0, 6.0, 10, and 15 cm above the bed.
At each point the ADV sampled at 50 Hz for 120 s using a
~ 1 cm? sampling volume.

Shear velocity u, was estimated by fitting the time-
averaged vertical profiles to the logarithmic law u(y)=
ux/k In(y/yo) with k = 0.41 (Biron et al., 2004; Dey, 2014).
Fits were restricted to heights outside near-bed interference
and within the presumed log-layer; because many sampling
heights in these runs lay above the inner ~ 20 % of depth,
the resulting u, estimates carry additional uncertainty; pro-
files lacking a coherent log-region were discarded (Afzal-
imehr and Anctil, 1999). Bed shear stress was computed as
T = pui. The Shields number 6 = to/[(os — p)g Ds50] is re-
ported using the phase-specific surface Dsg (initial 10 mm,
~ 17 mm after Phase 0, ~ 22 mm after Phase 3). For refer-
ence, the critical stress was estimated as 7. = (05— p)g 6. Dso
with 6. =0.045, i.e. . 728 Dsg (with Dsg in metres, t.
in Pa).

Water depth was recorded with a submerged pressure
transducer (Solinst Levelogger) installed at mid-reach to
track steady discharge conditions and changes in depth. At-
mospheric pressure was removed by barometric compen-
sation using a co-located barometer. Sensors experienced
episodic fouling by filamentous algae (see examples in Dick-
son, 2023); which was periodically cleaned to maintain data
quality.

Bank retreat adjacent to the perturbation was quantified
between phases using cross-sectional geometry rather than
planform banklines to capture changes in bank topography
(i-e., the bank edge position was nearly fixed and retreat was
limited). For each phase, we extracted elevation profiles from
the DEMs (at the same location as the ADV section) and
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measured the horizontal shift of the bank side-slope due to
erosion including undercutting.

4 Results and Discussion

4.1 Physical responses of the OERF

Over the initial 90h conditioning run, the channel was al-
lowed to freely evolve from the original straight channel
configuration under constant flow conditions and no exter-
nal sediment supply. Only limited morphological change was
observed during this period, with the channel remaining pre-
dominantly straight (Fig. 6). Minor bed elevation fluctuations
of about 42 cm occurred near the outlet, likely due to back-
water effects, and a coarse surface layer developed on the bed
(Fig. 7a).

During this initial run, an armouring process gradually
became dominant. Approximately 40 % of the initial fine-
grained sediment was removed as suspended load, leaving
behind larger gravel particles (> 10 mm) that exhibited trans-
port rates below 1 kg min~! (Fig. 4). Consequently, the me-
dian grain size (Dsg) increased from 10 to 17 mm, and then
to 22 mm post phase 3, reflecting continuous bed coarsen-
ing (Fig. 7c). Visual inspection revealed a transition from
matrix to clast-supported bed structure over the experiment
(Fig. 7b). The stable armour layer reduced channel erodi-
bility, limiting morphological evolution and increasing lat-
eral channel stability (Rachelly et al., 2022). These armour-
ing dynamics are consistent with patterns observed in nat-
ural gravel-bed rivers subjected to reduced sediment sup-
ply (Dietrich et al., 1989; Chin et al., 1994) and align with
laboratory flume findings reported by Elgueta-Astaburuaga
and Hassan (2017). Depth measurements show that as ar-
mouring developed, flow depths stabilized, demonstrating
the linkage between bed texture and hydraulic conditions
(Fig. 7d). Together, these observations highlight the mixed-
sediment tendency for a rapid sedimentological adjustment
(selective transport and surface coarsening), which outpaces
longer-timescale morphological adjustment associated with
alternate-bar growth and planform change, particularly ap-
parent when mobility is limited and upstream sediment sup-
ply is absent (Lanzoni, 2000; Kleinhans et al., 2013). De-
tailed information and results of additional numerical mod-
eling of the armouring process are available in the publicly
available MSc thesis of Renault (2024).

Following the conditioning run, a bar-pool perturba-
tion was introduced to accelerate morphodynamic adjust-
ments and test whether bar-scale topographic forcing could
generate measurable bank response and downstream mor-
phodynamic adjustment under sediment-limited conditions.
The perturbation, in three incremental phases, progressively
influenced local flow dynamics and channel morphology
(Fig. 8a). During Phase 1 (bar at 1/3 height), minor bank ero-
sion occurred on the right bank adjacent to the perturbation,
with lateral erosion ranging between 2.5 and 5 cm. Phase 2
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Figure 6. Oblique photographs of the straight channel showing channel adjustment under the conditioning run (phase 0). (a) Initial con-
dition after construction, prior to water-working. (b) After the Phase O conditioning run (90 h), showing rapid bed-surface coarsening and

development of the armour layer.
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Figure 7. Physical response of armouring processes. (a) Topographic change after phase 0 (+ =90h) with elevation change classified by
colour scale (in cm). (b) Texture evolution of surface composition across the four phases in a 50 cm x 50 cm frame at midstream (40 m from
upstream). (¢) GSD: initial (Volume-by-weight), and post-Phase 0 and Phase 3 (digitally sieved, grid-by-number). (d) Flow depth at mid-

stream (longitudinally and transversely) over the four phases.

(bar at 2/3 height) resulted in more pronounced erosion, ex-
tending approximately 2 m downstream with maximum ero-
sion reaching about 7.5cm. By Phase 3 (full bar height),
erosion further expanded approximately 4 m downstream on
the right bank opposite the perturbation, with lateral erosion
ranging from 2.5 to 5 cm. Notable erosion was also observed
on the left bank, beginning approximately 6 m downstream
of the perturbation and extending approximately 8 m further
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downstream, with erosion between 2.5 and 7.5 cm. Cross-
sectional profiles shown in Fig. 8c detail the progressive de-
formation of the bank through these phases. This limited
cross-sectional evolution reflects high bank-material strength
due to the stabilizing influence of the coarse tail of the grain
size distribution and armouring at the toe of the bank. Bank
cohesion, particularly in the upper portion of the bank above
the water line, also contributed to limiting lateral adjustment.
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Figure 8. Physical response to the inlet perturbation. (a) Topographic changes over Phases 1-3, highlighting zones of erosion and deposition
relative to the pre-perturbation reference. The black vertical line marks the location of the cross-section shown in (c). (b) Field image of
the eroded right bank post phase 3 taken at the apex of the bar and the location of maximum pool scour identified on (a) with a black star.
(c) Cross-sectional elevation profiles at the right bank, extracted at the location shown in (a), showing progressive erosion across phases.

Despite these local responses, reach-scale morphology re-
mained largely straight over the experiment duration, and
no sustained bar pattern or planform reorganization emerged
within the experiment timescale. Together with the absence
of upstream sediment supply and the conditioned, armoured
bed, these observations indicate that planform adjustments
were modest under the explored combinations of discharge,
grain size, and bank strength, and they emphasize the need
to tune sediment mobility and sediment boundary conditions
to allow morphological responses to develop on comparable
timescales to sorting processes.

4.2 Flow structure, velocities, and shear stress

As part of the facility characterization, we used ADV mea-
surements to test the applicability of intrusive, point-based
velocity profiling in a large channel with evolving bed and
bank boundaries, with particular attention to near-bank flow
where instrument placement and flow disturbance can be
most limiting. The impact of the bar perturbations on veloc-
ity distribution and bed shear stress was investigated using
a side-looking ADV indicated in Figs. 9 and 10. Although
this dataset does not aim to resolve the full turbulence struc-
ture, it provides an indicator of how the imposed topography
redistributed high-velocity flow and near-bed forcing locally.

Peak streamwise velocities in the upstream zone rose from
1.38ms™! (Phase 0) to 1.49ms~! (Phase 1), an increase
of about 8 %. Subsequent phases showed further increases
to 1.56ms~! (Phase 2) and 1.75ms~! (Phase 3), about
13 % and 27 % above Phase 0. Mean streamwise velocities
initially decreased slightly, from 0.88ms~! in Phase 0 to
0.84 ms~! in Phase 1, then increased to 0.90 ms~! (Phase 2)
and 1.07ms~! (Phase 3) (Fig. 9). The core region of maxi-
mum velocity shifted toward the right bank as the bar grew
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and the adjacent pool deepened, indicating lateral deflection
and redistribution of high-velocity flow induced by the per-
turbation. Each phase combined an increase in bar height
(non-erodible sandbags) with excavation of an erodible pool
to maintain cross-sectional area. In Phase 1 the pool exca-
vation effect was sufficiently pronounced to counterbalance
the small bar relief, explaining the temporary drop in mean
velocity despite a higher peak.

Bed shear stress was quantified at the perturbation cross-
section using log-law method. Phase-median stresses were
79 &~ 10, 16, 29, and 20 Pa for Phases 0-3, respectively, cor-
responding to median Shields numbers 6 ~0.06, 0.10, 0.18,
and 0.12. For reference, phase-specific critical stresses based
on the mid-reach surface Dsp (not the local bed at the per-
turbation) were t. &7, 12, 15, and 16 Pa. Thus, ¢ exceeded
7. from Phase 1 onward and peaked in Phase 2, coincident
with the strongest observed local bank retreat. The decrease
in median 7¢ in Phase 3, despite higher peak velocities, is
consistent with momentum redistribution as the pool deep-
ened and with growth of a coarse near-bank surface that lim-
ited effective shear at the log-layer fitting heights.

4.3 Lessons learned

Several lessons emerged during the preliminary experimen-
tal phase at the OERF, many of which stem from the inher-
ent challenges with large-scale, outdoor flume experiments.
Each constraint points to practical refinements for future ex-
periments.

Achieving measurable bend growth at this scale requires
tuning sediment mobility and bank forcing to the feasible
experimental run time while preserving channel form. To
shift from a straight channel to a self-maintained meander-
ing planform, without overshooting into braiding, future ex-
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Figure 9. (a) Schematic perspective of the artificial perturbation at full form, showing the location of the ADV cross-section (blue overlay).
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the statistical evolution of streamwise flow velocity in response to progressive bar-pool perturbation.

periments should couple stronger bank-erosion drivers (e.g.,
higher stream power, steeper slope, greater sediment load)
with sufficient bank strength to maintain width—to—depth
ratios within the meandering domain (W/D < 50; Fredsge,
1978). As it is well known that vegetation and cohesive sed-
iments are key mechanisms for meandering (Van Dijk et al.,
2012; Kleinhans et al., 2024), future experiments should also
integrate these factors. With the current conditions of the
OEREF, particles coarser than ~ 30 mm remained immobile
at the available shear stresses and tended to cluster, locally
locking parts of the bed and banks; for future experiments,
sieving the bed sediment mixture to limit the coarse tail to
~ 30 mm is recommended.

For future experiments in the OERF exploring controls on
bank erosion and lateral migration, we recommend: (i) ac-
tivating the sediment-recirculation system, (ii) developing a
capacity to feed the recirculation system with additional sed-
iment to widen the range of possible sediment supply (rate
and grain-size distribution). This would avoid progression to-
ward a supply-limited, increasingly static and low mobility
and armoured state, which is a key distinction between recir-
culating and sediment-feed experimental setups (Parker and
Wilcock, 1993; Wilcock and DeTemple, 2005; Kleinhans,
2005), (iii) extending run duration from days to weeks, and
(iv) tuning operating combinations (slope, sediment distribu-
tion, width) to accelerate expected morphological response
rates to maximize the available experimental time window.

In addition, to accelerate planform evolution, we suggest
creating an initially sinuous channel planform and explor-
ing the influence of discharge variability. Other physical im-
provements to the OERF should include a flow-straightening
diffuser below the entrance cascade to reduce turbulence in-
tensity at the inlet and a PID-controlled tail-gate weir to re-
duce downstream backwater effects.
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Measuring shear stress in the OERF channel remains chal-
lenging due to the roughness of the bed and banks (Biron et
al., 2004). In our initial experiments, large protruding clasts
distorted velocity profiles while challenges in precise ADV
placement meant that many sampling positions lay outside
the inner 20 % of depth where log-law conditions are most
defensible (Afzalimehr and Anctil, 1999). As ADVs mea-
sure only a single point at a time, it can take many minutes to
hours to obtain several profiles across a section. Within this
time, the bed may change (aggrade or erode) under mobile
conditions, creating discontinuities between ADV measure-
ments at different locations. Moreover, the lack of suspended
sediment in the water column resulted in insufficient seeding
for acoustic reflection, limiting data quality. For future ex-
periments, especially in the case of increasing sediment mo-
bility, non-intrusive techniques should be explored such as
Laser Doppler Velocimetry (LDV) and Large-Scale Particle-
Image Velocimetry (LSPIV) (Fujita et al., 1998; Lewis and
Rhoads, 2015).

We also encountered uncertainty in drone-based topo-
graphic survey differences when we acquired Structure-
from-Motion (SfM) data with two different unmanned aerial
vehicles (UAVs) (DJI Mavic 2 Pro and DJI Mini 2). UAV-
SfM was generally successful for reconstructing reach-scale
topography at the scale of the OERF; however, calculating
DEMs of Difference (DoDs) from digital elevation mod-
els (DEMs) generated by different UAVs is not recom-
mended. Differences in camera specifications and calibra-
tion, lens distortion, image footprint, and flight stability can
introduce systematic offsets between surveys that propa-
gate into the DEMs and can be misinterpreted as real to-
pographic change, particularly for low-altitude flights (e.g.,
10 m above ground level) and under low-light or gusty con-
ditions. For future work we therefore recommend standard-
izing DoD workflows by using a single UAV platform and
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Figure 10. Time-averaged velocity magnitude fields for Phases 0,
1, 2, and 3 at the bar apex in ms~!. Black dots indicate ADV mea-
surement locations. The topographic profile represents the surveyed
cross-section at the end of each Phase.

repeatable flight plans across all surveys, ideally a real-time
kinematic (RTK) enabled UAV with improved positional sta-
bility (light-weight UAVs like DJI mini are not recommended
for SfM). While UAVs offer substantial advantages in opera-
tional flexibility and sensor options (e.g., multispectral imag-
ing and LiDAR) that are valuable for vegetation and flood-
plain studies, they remain weather-sensitive (e.g., rain and
strong winds). Given the good site access at the OERF, we
plan to evaluate complementary survey approaches. This in-
cluding terrestrial laser scanning (TLS) (Heritage and Het-
herington, 2007; Brasington et al., 2012; Lague, 2020) and
close-range SfM using global navigation satellite system
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(GNSS) (e.g., via a camera rigidly mounted to the GNSS
pole or an integrated GNSS-camera unit) (Jaud et al., 2020)
or fixed-cameras configurations. These methods should pro-
vide improved repeatability for targeted sub-reach differenc-
ing. TLS or an integrated GNSS-camera unit are particularly
advantageous for resolving steep banks and local undercut-
ting where nadir UAV imagery can be geometrically weaker.

Environmental factors introduced additional complica-
tions. The growth of filamentous algae during the experi-
ments interfered with sensor performance and could have al-
tered channel hydraulics modifying sediment dynamics. This
necessitated frequent manual cleaning of algae, the setup
of temporary filtration systems, and the formulation of a
broader water quality management plan. Research in the
OERF also entails operational challenges inherent to outdoor
facilities. For example, runoff from heavy rainfall can erode
channel banks where flow spills off the floodplain, and birds
and other wildlife may find the facility an attractive habi-
tat. These complexities illustrate the challenges involved in
maintaining consistent boundary conditions across multi-day
experiments under semi-natural conditions.

5 Conclusions

In this contribution, we introduced the Outdoor Experimental
River Facility (OERF) at the Université de Sherbrooke, Que-
bec, Canada, and quantified its operating envelope relative
to natural rivers and existing small and large river laborato-
ries. This paper reports the first of three planned experimental
campaigns at the OERF (a straight channel with no sediment
supply), intended as a foundational exploration of facility ca-
pabilities and operational constraints to guide subsequent ex-
periments using an initially sinuous planform, sediment re-
circulation, and floodplain vegetation. We also reported re-
sults of the initial set of experiments with a straight—channel
planform and staged bar—pool perturbation to explore thresh-
olds of bank erosion and lateral migration.

Within the feasible design space, flow in the OERF’s
3m wide gravel bedded channel was subcritical and fully
rough at field-like Reynolds numbers (on the order of 10°).
Under constant discharge without upstream sediment sup-
ply, the bed rapidly armoured (surface Dsg from ~ 10 to
~ 22 mm), and reach—scale planform change remained lim-
ited over 338 h run time. The bar-pool perturbation increased
local velocities (by 8 %—27 %) and concentrated shear stress
along the outer bank, producing measurable but spatially
confined bank retreat. Log—law shear stress estimates yielded
median 7y of ~ 10, 16, 29, and 20 Pa across perturbation
phases 0-3, exceeding phase-reference t. after Phase 1.
Together, these results demonstrate that experiments in the
OERF can reproduce field-like hydraulics and illustrate the
difficulty of catalyzing planform evolution at scale under
sediment—limited conditions, where rapid armouring can out-
pace the longer-timescale morphological response.
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Our initial experiments also provide lessons for future re-
searchers designing outdoor experiments at this scale, in-
cluding: (i) adding controlled sediment recirculation, ex-
tending run durations, and tuning slope, sediment grain size
distributions (GSDs), and width—depth combinations to in-
crease rates of morphological change; (ii) improve boundary
controls through inlet flow—straightening/diffusion and tail—
gate regulation; (iii) develop non-intrusive velocity measure-
ments; and (iv) balance stronger bank-erosion drivers with
additional bank strength such as floodplain vegetation to re-
main within the meandering domain (W /D < 50). Finally, al-
though the staged bar-pool perturbation produced only local
effects within the available experimental run time, testing hy-
potheses regarding the influence of perturbation type, mag-
nitude, and timing on bank erosion and on bend-scale mor-
phodynamics remains a promising research opportunity for
future experiments at the OERF. Researchers at the OERF
encourage collaborative research, and we welcome external
partnerships to co-design and conduct future experimental
campaigns.
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