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Abstract

Laboratory experiments to simulate landscapes and stratigraphy often suffer from scale effects, because reducing length-
and time scales leads to different behaviour of water and sediment. Classically, scaling proceeded from dimensional
analysis of the equations of motion and sediment transport, and minor concessions, such as vertical length scale dis-
tortion, led to acceptable results. In the past decade many experiments were done that seriously violated these scaling
rules, but nevertheless produced significant and insightful results that resemble the real world in quantifiable ways.
Here we focus on self-formed fluvial channels and channel patterns in experiments. The objectives of this paper are 1) to
identify what aspects of scaling considerations are most important for experiments that simulate morphodynamics and
stratigraphy of rivers and deltas, 2) to establish a design strategy for experiments based on a combination of relaxed
classical scale rules, theory of bars and meanders, and small-scale experiments focussed at specific processes. We present
a number of small laboratory setups and protocols that we use to rapidly quantify erosive and sedimentary types of forms
and dynamics that develop in the landscape experiments as a function of detailed properties such as effective material
strength and to assess potential scale effects. Most importantly, the width-to-depth ratio of channels determines the bar
pattern and meandering tendency. The strength of floodplain material determines these channel dimensions, and theory
predicts that laboratory rivers should have 1.5 times larger width-to-depth ratios for the same bar pattern. We show how
floodplain formation can be controlled by adding silt-sized silica flour, bentonite, Medicago sativa (alfalfa) or Partially
Hydrolyzed PolyAcrylamide (a synthetic polymer) to poorly sorted sediment. The experiments demonstrate that there
is a narrow range of conditions between no mobility of bed or banks, and too much mobility. The density of vegetation
and the volume proportion of silt allow well-controllable channel dimensions whereas the polymer proved difficult to
control. The theory, detailed methods of quantification and experimental setups presented here show that the rivers and
deltas created in the laboratory seem to behave as natural rivers when the experimental conditions adhere to the relaxed
scaling rules identified herein, and that required types of fluvio-deltaic morphodynamics can be provoked by conditions
and sediments selected on the basis of a series of small-scale experiments.

1. INTRODUCTION

Experiments to simulate landscapes and stratigraphy
at the laboratory scale have been used for more than
a century (Reynolds, 1887). Experiments have two
advantages over real-world data, namely full control
over the initial and boundary conditions, and rapid
evolution that can be witnessed and recorded. Ex-
periments also have advantages over numerical mod-
elling, namely materiality: the materials and pro-
cesses at work in the experiment are real as in the
natural world, unlike those in numerical models that
are virtual (Paola et al., 1992; Morgan, 2003; Klein-
hans et al., 2005). Such models, even if based on the
laws of physics, remain dependent on choices about
the included physics, specification of boundary con-
ditions and resolution, and numerical issues related
to discretisation and propagation of errors (Oreskes
et al., 1994; Kleinhans et al., 2005).

A disadvantage of landscape experiments is that

the length- and time-scales cannot be scaled down
perfectly. Typically, scale problems of replication of
the prototype, i.e. the natural system that is tar-
geted in the experiment, increase with decreasing
scales of experiments (Yalin, 1971; Schumm et al.,
1987; Peakall et al., 1996). Some scale problems in-
crease gradually, such as vertical distortion of dimen-
sions and reduction of sediment mobility. Other scale
problems appear suddenly when certain thresholds
are crossed at which the character of flow and sed-
iment transport changes dramatically. The gravest
scale problems are expected in analogue models but
even these problems may be acceptable depending
on application (Schumm et al., 1987; Paola et al.,
2009). Often such analogue models are applied in
the context of stratigraphy. Depositional architecture
is caused by the dynamics of morphology, includ-
ing sedimentary and erosional processes associated
with channel migration and scouring. Hence, the key
issue for experimental studies of stratigraphy is to
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reproduce the relevant morphodynamics (Paola and
Borgman, 1991; van de Lageweg et al., 2013a).

decreasing replication of prototype (log scale)
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Figure 1: Schematic view (after Peakall et al., 1996) of the bal-
ance between scales and scale problems in replicating
prototypes, i.e. the natural system that is targeted.
Here we address river models at a scale between dis-
torted scale models and analogue models.

This paper addresses scale effects for self-formed
rivers and deltas with erodible banks at equal and
smaller scales than distorted scale models and equal
and larger scales than analogue models (Fig. 1). Tra-
ditionally, rivers with fixed banks were down-scaled
to the laboratory through dynamic similarity of flow
and sediment mobility expressed in dimensionless
numbers (Reynolds, 1887; Yalin, 1971; Schumm et al.,
1987; de Vries et al., 1990; Hughes, 1993). Similarity
scaling has been a powerful measurement-, analysis-
and prediction tool for scientific study and engineer-
ing. The strong emphasis on the scale rules was jus-
tified for these purposes, particularly some decades
ago when numerical models and computer power
were limited. However, rigidity in the adherence
to scale rules has also impeded scientific progress
on experiments meant to replicate processes at large
spatial and temporal scales in small laboratory fa-
cilities (Paola et al., 2009). Yet spectacular results
replicating patterns and dynamics found in natural
systems have been obtained in experimental setups
that violate classical scaling rules (e.g. Schumm and
Khan, 1972; Tal and Paola, 2007; Malverti et al., 2008;
Kraal et al., 2008; Braudrick et al., 2009; Hoyal and
Sheets, 2009; Van Dijk et al., 2012).

But how can we be reasonably certain that these
experimental results represent nature when the scale
rules are violated? One approach has been not to
“care that specialists in sediment transport have de-
clared that the movable-bed scale models are wrong;
so, just like the bumblebee who goes on flying even
though it has been declared aerodynamically impos-
sible for him to do so, [we] keep using the movable-
bed scale model, and most of the time with great
success.” (Le Méhauté, in Hughes, 1993, p. 245). In-
deed, several authors have discussed how well small-

scale experiments reproduce spatial patterns and dy-
namics of natural systems (Paola et al., 2009), even
if the flow is fully laminar (Malverti et al., 2008) or
hydraulically smooth, which suggests that flow tur-
bulence is of limited importance for morphological
pattern formation. Progressing from such successes,
Paola et al. (2009) review and propose various fruit-
ful ways of studying and quantifying similarity be-
tween experimental and natural systems.

The fundamental problem we address here is that
similarity scaling has worked well for rivers with
fixed banks and for braided gravel-bed rivers (e.g.
Ashworth et al., 2004), but cannot straightforwardly
be applied when characteristic (e.g. bankfull) width
is a dependent parameter in self-formed channels.
The reason is that no convenient theory is available
to scale bank erosion rate and floodplain sedimenta-
tion, because this scaling involves many more pro-
cesses than flow and sediment transport in chan-
nels and on bars. Yet the balance of bank erosion
and floodplain sedimentation determines channel
width and channel pattern (Ferguson, 1987; Eaton
and Giles, 2009; Kleinhans, 2010). As a result, ex-
perimental design of self-formed rivers and deltas is
usually based on many trials and costly errors, many
of which may not yield interesting results.

The first objective of this paper is to identify what
aspects of scaling considerations are most important
for experiments that simulate morphodynamics and
stratigraphy of entire rivers and deltas. This will
lead to insight into which traditional scaling rules
must be adhered to in order to produce the phe-
nomenon of interest and which rules can be relaxed.
Furthermore, we will test to what extent bar the-
ory can be used to predict bar dimensions and the
transverse bed slope in curved channels to quantify
the link between morphodynamics and the result-
ing stratigraphy. The second objective is to present
a set of simple, small and fast experiments that iso-
late landscape-scale processes of floodplain sedimen-
tation, bank erosion and bank failure at small scales
so that the process dynamics are accelerated. We use
these experiments to constrain the conditions and
materials most likely to work well for replicating
landscape-scale processes experimentally and com-
pare these conditions and materials to those used
in other reported experiments. The emerging strat-
egy to combine relaxed classical scale rules, theory
of bars and meanders, and small-scale experiments
focussed at specific processes can be used to de-
sign landscape experiments with dynamic rivers and
deltas that create stratigraphy in the process.
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2. Similarity scaling, scale effects and

design

The ultimate aim of river and delta experiments is to
reproduce the morphology and stratigraphy of nat-
ural systems under controlled conditions. To repro-
duce a natural system in the laboratory, the spatial
scale must be reduced. The scale ratio relates the
scale N of parameter X of a river or delta in nature
to the experimental river or delta:

NX =
Xn

Xe
(1)

where subscripts n and e refer to nature (or proto-
type) and experiment (or scale experiment). We re-
fer to ‘large scale number (NX)’ and ‘small scale’ as
synonymous. Geometric similarity means that all
scales with dimensions of length x, y, z are equal:
Nx = Ny = Nz, whilst distorted scale models are ver-
tically exaggerated. Dynamic similarity entails geo-
metric similarity and kinematic similarity, so that the
ratios of all vectorial forces are the same (Hughes,
1993). This requirement cannot be fulfilled as re-
viewed below, so that perfect similitude is never ob-
tained. However, similarity is possible to some ex-
tent if similitude is obtained for the most important
forces whilst the requirements are relaxed for the less
important.

These compromises may lead to more severe scale
problems in smaller scale experiments (Fig. 1). Obvi-
ously, sediment may still be entrained, move, and be
deposited to produce morphodynamics and stratig-
raphy on a small scale in experiments, but with
large scale numbers several thresholds are crossed
at which the character of flow and sediment trans-
port changes dramatically. These we discuss below.
Table 1 summarises conditions for experiments re-
ported in literature and reports dimensional and di-
mensionless characteristics described in this section.

2.1. Scaling of flow, sediment transport,
morphology and stratigraphy

2.1.1 Hydraulic similarity

Similarity of free surface flow requires that the ratio
of inertial and gravitational forces is similar in nature
and experiment. This ratio is the Froude number:

Fr =
u√
gh

(2)

where u = depth-averaged flow velocity, h = water
depth and g = gravitational acceleration. In nature,
backwater effects are important in rivers and deltas
and occur only in subcritical flow. Many systems in
nature have a tendency to remain subcritical (Parker,
1978; Grant, 1997; Giménez et al., 2004). Flow in ex-

periments is not necessarily subcritical with Fr < 1,
as many experiments have localised antidunes with
Fr ≥ 1 and an average Froude number for the ex-
periment only just below critical. Some delta experi-
ments of Hoyal and Sheets (2009) even had supercrit-
ical flow. A simple advantage of subcritical flow is
that the experimental water levels can be controlled
by the downstream weir over a length similar to the
e-folded backwater adaptation length in subcritical
flow (i.e. the characteristic length scale over which a
water level curve with exponential shape approaches
the asymptote of steady uniform flow depth). This
backwater adaptation length (Ribberink and Van der
Sande, 1985; Parker, 2004) is estimated as:

λbw =
3h
S

(3)

with S = energy slope.

Scaling of flow velocity, fluid vorticity and the
adaptation of spiral flow in bends requires that the
flow resistance scale NC adheres to the roughness
condition (Struiksma, 1986):

N2
C =

Nx,y

Nz
(4)

However, relative to water depth both sediment par-
ticles and laboratory dunes are typically larger than
dunes in real rivers. The effect of relatively larger
flow resistance in experiments, with NC > 1, is a
lower flow velocity than required for other scaling
conditions. The classical way of resolving this is by
vertical distortion, which implies an exaggeration of
the water depth. In small-scale channel pattern and
delta experiments bedforms are generally absent or
negligible so that flow is entirely determined by skin
friction and energy slope.

Another requirement of similarity holds for the
ratio of inertial to viscous forces as expressed in the
Reynolds number:

Re =
uh
ν

(5)

where ν = dynamic viscosity (ν ≈ 1× 10−6 for water
of 20◦C). In natural rivers, flow is usually turbulent
with a Reynolds number Re > 2000. The Froude and
Reynolds conditions cannot be reconciled simultane-
ously, but the Reynolds similarity condition can be
relaxed as long as flow is turbulent, that is, domi-
nated by inertial forces, and details of turbulence are
not important (e.g. Hughes, 1993).

For large length scale numbers NX , surface ten-
sion at the interface of air, water and a solid object
or boundary may become important. The relative
importance of inertial and surface tension forces is
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expressed in the Weber number:

We =
ρu2h

σ
(6)

where σ = surface tensile force per unit length
(0.073 N/m for pure water), where as a rule of thumb
surface tension is negligible for We > 10 (Peakall
et al., 1996). Surface tension can be modified by sur-
factants. Polymers in the flow may increase the sur-
face tension, while soap may decrease it (de Gennes
et al., 2004). Experimentation and analysis on the
effect of soap on shallow flow and sediment trans-
port are clearly needed before practical application
becomes feasible. However, a rule of thumb for sur-
face tension effects based on a simple threshold We-
ber number gives neither the effects on general flow
nor the spatial extent. Theory for thin liquid films
and capillarity may elucidate potential scale effects
of surface tension. It is particularly instructive to as-
sess the length scale over which surface tension may
modify the flow conditions. The exponential decay
of water surface perturbations caused by objects that
protrude out of the flow is characterized by the cap-
illary length λc. This e-folded adaptation length is
found by comparing the Laplace pressure σ/λc with
the hydrostatic pressure ρgh (de Gennes et al., 2004),
where:

λc =

√
σ

ρg
(7)

For water this yields a capillary length λc = 2.7 mm.
Hence the hydraulics are significantly modified by
surface tension if the water depth is of the same or-
der as the capillary length and if sudden bed jumps
or objects such as large particles or vegetation stems
are present. A more thorough analysis is presented
in Malverti et al. (2008). For practical purposes we
can infer from this analysis that surface tension is
only important at water depths of a few mm where
the largest particles protrude out of the flow or emer-
gent plants are used, and that even then the effect is
limited to enhanced sedimentation of fines within a
few mm around such emergent objects, similar to tail
bars behind trees or other obstructions in nature.

The near-bed flow conditions affect bed scouring
tendency. The channel bed is hydraulically smooth
when the particles are submerged in the laminar sub-
layer. When this is the case, ripples form if there is
enough water depth (h > 0.02 m, van den Berg and
van Gelder, 1993), or scour holes form in shallow
flow. A full explanation for these phenomena is lack-
ing but a reasonable working hypothesis is that the
turbulence generated at the ripple crest or scour hole
rim is strong enough to penetrate the laminar sub-
layer, so that scour is maintained. For hydraulically
rough boundaries, the bed remains planar or dunes
form (Kleinhans, 2005b,a). The balance between in-
ertial and viscous forces at the bed surface is given

by the Reynolds particle number:

Re∗ = u ∗ D50

ν
(8)

where u∗ =
√

τ/ρ is the shear velocity. The transi-
tion from hydraulically smooth to rough conditions
is gradual (Re∗ = 3.5− 70), so that a hard threshold
cannot be identified. Conservative estimates take the
upper limit, but empirical evidence suggests that the
limit below which scour holes and ripples form is an
order of magnitude less than Re∗ = 70. Comparison
to empirical bedform stability diagrams (Southard
and Boguchwal, 1990; van den Berg and van Gelder,
1993) shows that the transition takes place in the
lowest part of the Shields curve (Wiberg and Smith,
1987; Zanke, 2003; Vollmer and Kleinhans, 2007) at
Re∗ ≈ 5 (Kleinhans, 2005b,a).

2.1.2 Sediment transport similarity

The key issue in reproducing mobile bed morphol-
ogy and consequent stratigraphy is sediment mobil-
ity. In nature, sand bed rivers have high mobility
whereas gravel bed rivers have low mobility near the
threshold for sediment motion. Sediment mobility
is expressed in the form of the Shields number (θ),
which is the balance between the bed shear stress
and gravity:

θ =
τ

(ρs − ρ f )gD
(9)

where in steady uniform flow τ = ρ f ghS is the total
shear stress, with ρ f = density of fluid, ρs = den-
sity of sediment and D = particle diameter, usually
the mean or median of the distribution by weight.
For sediment transport calculations, the shear stress
related to skin friction is used to exclude form rough-
ness from bedforms and channel walls:

τ = ρ f g
u2

C/2 (10)

with the Keulegan (1938) equation to estimate the
skin friction-related Chézy number (C/, unit m1/2/s
van Rijn, 1984):

C/ = 18 log
12h
D90

(11)

where D90 = 90th percentile of the particle size dis-
tribution. This condition for similarity of mobility
cannot be fulfilled in conjunction with the Froude
similarity because one depends on u2 and the other
on u. Furthermore, particle size cannot be reduced
as much as the other Cartesian dimensions of the ex-
periment relative to the prototype in nature, because
properties such as threshold mobility and cohesion
of silt and clay are significantly different from that of
sand and gravel (e.g. Lick and Gailani, 2004).

In practice, the above equations are used to assess
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sediment mobility a priori based on expected flow
conditions and design sediment properties. The key
problem in morphological experiments is that these
sediments cannot be much different from those in
nature, yet the shear stress is much lower. Given
the small water depth of small-scale experiments, the
typical shear stress is low despite larger bed slopes
than in nature. Hence sediment mobility may be
low or even below the threshold of sediment motion.
Three ways have classically been applied to increase
sediment mobility. The first is to vertically distort the
model, that is, Nh > NL. This has the advantages of
increasing slopes and also of decreasing surface ten-
sion effects. The second is to further increase the bed
slope of the experiment, which is known as tilting.
The third way is to use light-weight materials as bed
sediment (Yalin, 1971; Hughes, 1993). Although very
useful, light-weight sediment have been predicted to
lead to subtle scale effects on bar dimensions (dis-
cussed later).

High bed slope and small water depth in ex-
periments also affects the threshold for the initi-
ation of sediment motion, i.e. the Shields crite-
rion, which may therefore differ from that in nature
(Vollmer and Kleinhans, 2007). This modification be-
comes particularly important in shallow flows where
the largest particles protrude above the flow sur-
face (Ferguson, 2007). Furthermore, steeper slopes
and effects of shallow flow on different particle sizes
may affect sediment sorting patterns. The mobility
of size-fractions in sediment mixtures are still rela-
tively poorly understood for small-scale experiments
(Wilcock and Crowe, 2003; Vollmer and Kleinhans,
2008), but data indicate that the sediment mixture
should be unimodal in order to have equal mobil-
ity of all size fractions and prevent limited mobility
of the large fractions (Parker and Klingeman, 1982;
Wilcock, 1993; Kleinhans and Van Rijn, 2002). Such
lower mobility would result in sediment sorting pat-
terns such as armouring. On the other hand, there
are also conditions in which coarse particles become
more mobile than the average grain size. In shallow
experimental flows where D approaches h, coarser
particles may be more prone to overpassing onto the
bars than in nature because of limited water depth
relative to particle size (Carling, 1990). Furthermore,
in extreme cases of channel slopes of about 0.05, the
relative mobility of finer and coarser sediment re-
verses because the bed tilt significantly changes the
force balance on the large exposed particles (Solari
and Parker, 2000).

The Reynolds particle number (Eq. 8) charac-
terises an important aspect of sediment mobility in
addition to the Shields number: It directly compares
the size of a particle resting on the bed and the thick-
ness of the laminar sublayer, just above the bed, in
which turbulence is suppressed. Roughness and tur-
bulence generation are also dependent on particle

shape, in particular angularity, and the particle size
distribution. This may be part of the reason that Ste-
fanon et al. (2010) obtained morphology dominated
by the typical scour holes associated with hydrauli-
cally smooth conditions. Their sediment was a uni-
form 0.8 mm polystyrene, which probably was mod-
erately well rounded. On the other hand, Peakall
et al. (2007) had hydraulically rough conditions de-
spite the D50 being only 0.21 mm. The probable rea-
son for this hydraulic behaviour is that the D90 is
nearly 2 mm, and Peakall et al. (1996) argue that the
Reynolds particle number should be calculated with
the D90 rather than the D50. Consequently, the ad-
vantage of a poorly sorted sediment is that sediment
mobility, related to the median particle size, remains
relatively high whilst the bed remains hydraulically
rough.

Self-formed floodplain are essential elements
in channel pattern (Kleinhans, 2010), and form
from bedload and suspended sediment deposited in
splays and levees, from clay in floodbasins and from
flow resistance induced by vegetation. The degree
of suspension can in principle be assessed by some
form of Rouse number, which is the ratio of the set-
tling velocity of sediment and a depth-averaged or
shear velocity of the flow. However, sediment sus-
pension requires turbulence, which is difficult to ob-
tain in small-scale experiments where floodplain is
likely laminar. Indeed, although most fluvial exper-
iments (Friedkin, 1945; Smith, 1998; Tal and Paola,
2007; Peakall et al., 2007; Braudrick et al., 2009) and
delta experiments (Hoyal and Sheets, 2009; van Dijk
et al., 2009) had turbulent flow in the self-formed
channels, laminar flow prevails on most of the flood-
plain. It is therefore hardly useful to assess proper
scaling of suspension by comparing flow velocity on
the floodplain to settling velocity of the sediment
when suspension is impossible anyway for lack of
turbulence. We hypothesise that experimental flood-
plain siltation by fines is more localised near the
channel than in nature, because in the laminar flow
on the floodplain the suspended sediment advected
in from the channel will settle quickly as turbulence
decays and floodplain flow transforms from turbu-
lent to laminar conditions, unlike in many natural
conditions. It is possible that light-weight sediments
in experiments have a longer settling lag in addition
to being more mobile so that these may deposit more
distally in the floodplains (Braudrick et al., 2009) but
this is still being explored.

An important question is how the experimental
time is scaled. A characteristic morphological time
scale can be calculated directly from the average sed-
iment transport rate and a control volume that is
eroded or deposited if experiments were scaled ac-
cording to a similarity scaling procedure (Yalin, 1971;
de Vries et al., 1990). This results in a characteris-
tic time scale of, for instance, transverse bed slope
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tilting in a curved channel, channel excavation, and
of the formation of an entire delta. The appropri-
ate time scale depends on the phenomena of inter-
est, because it is the relevant spatial gradient of sed-
iment transport that determines the rate of morpho-
logical change. So, on a transverse bed slope and at a
channel cutoff or avulsion site, the appropriate trans-
port rate is the transverse sediment transport compo-
nent which depends on helical flow, transverse bed
slope, sediment mobility and flow resistance (also see
Eq. 20). For deltas with a certain volume that capture
all supplied sediment and a feeder without bank ero-
sion, the calculation of the morphological time scale
for delta formation is straightforward. This approach
has been applied to experimental deltas and alluvial
fans (Kraal et al., 2008; van Dijk et al., 2012) and to
deltas on Mars (Kleinhans et al., 2010b) to determine
the formative time scale given a sediment transport
rate estimated from upstream channel dimensions.

The entire analysis so far implicitly assumes sim-
ple stepped hydrographs or even constant discharge,
which is a common assumption in empirical geo-
morphology, e.g. in hydraulic geometry relations,
and in numerical morphodynamic modelling, where
a constant discharge can be chosen that transports
the same amount of sediment as the hydrograph. A
key question is how varying discharge affects sed-
iment transport processes, and, indirectly, channel
and floodplain morphodynamics and the resulting
stratigraphy. On the one hand the morphological re-
sponse to individual floods is limited so that the mor-
phology is the result of the varying discharge over
a long period (Wolman and Miller, 1960). There is
ample empirical evidence for this. Channel pattern
prediction is empirically quite accurate on the basis
of a single discharge, for example the mean annual
flood or another hydrological statistic (Wolman and
Miller, 1960; van den Berg, 1995). In a meandering
river a series of floods and low flows including a 1
in 100 year flood had little effect on the morphol-
ogy (Rhoads and Miller, 1991). On the other hand,
single floods may cause much larger morphological
changes than low discharge of a much longer dura-
tion. For example, floods in braided rivers caused
significant re-organization of bars and channels(e.g.
Bertoldi et al., 2009; Sambrook Smith et al., 2010;
Marra et al., 2013). Furthermore a comparison be-
tween experimental meandering rivers created with
constant discharge and with a stepped hydrograph
shows that floodplain formation is much more ex-
tensive in the latter, not surprisingly (Van Dijk et al.,
2013b). There is also empirical and experimental
evidence, however, that the stratigraphy of channel
deposits is hardly affected (Sambrook Smith et al.,
2010; van de Lageweg et al., 2013b). One reason is
that, as soon as the bankfull level is reached and the
floodplain inundates, bed shear stresses hardly in-
crease with increasing discharge. A higher discharge

is thus simply stored in the floodplain. Wide flood-
plains greatly reduce the in-channel morphological
and stratigraphic effectiveness and impact of floods
larger than bankfull (Rhoads and Miller, 1991). This
means that such large floods are important for flood-
plain morphology and therefore indirectly for chan-
nel pattern, but are not very important for in-channel
morphology and stratigraphy. Consequently, width
limitations of experimental setups require careful
consideration and the targeted scale of morphology
and stratigraphy of an experiment sets the require-
ments.

Riparian vegetation clearly requires certain hy-
drographs. In experiments the low flows often have
on average conditions below the threshold for sedi-
ment motion and are mainly applied to supply water
to vegetation growing in the experimental systems
(Tal and Paola, 2007; Braudrick et al., 2009; Van Dijk
et al., 2013a). All morphological work is then done
during the high discharge, which may be somewhat
above bankfull. Welber et al. (2013) showed that large
wood is captured at specific elevations in experimen-
tal rivers which means that the flood water levels
relative to the developed surface elevation distribu-
tion is important for this aspect of biogeomorpholog-
ical interaction. Perona et al. (2012) showed that the
number of uprooted alfalfa plants during floods is re-
lated to plant age, which means that the time scale of
vegetation development and the time scale of floods
should be similar in order to have dynamic interac-
tion. Clearly there is further scope for fundamen-
tal experimental work on interaction between plants
and morphodynamics, but as experiments are rela-
tively time-consuming a method to assess required
experimental conditions and scaling is wanting.

2.1.3 Similarity of morphology, dynamics and
stratigraphy

The ultimate aim of experiments is to reproduce
and investigate natural river morphology, morpho-
dynamics, morphological adaptation and the result-
ing stratification to a change in boundary condi-
tion. Unfortunately, morphological and stratigraphi-
cal similarity is not necessarily attained under condi-
tions of geometric, hydraulic and sediment transport
similarity. Wavelengths, migration rates and ampli-
tudes of bars depend on channel width-to-depth ra-
tio, mobility and the planimetric form of the channel
including its curvature, width variations and sinu-
osity (Struiksma et al., 1985; Seminara and Tubino,
1989). Hence any vertical distortion of channels will
modify the morphology and resulting stratigraphy.

In order to predict analytically the dependence of
fluvial bar morphology on channel dimensions, flow
conditions and sediment mobility in experiments, we
apply the Struiksma et al. (1985) theory, which, as
other theories (e.g. Seminara and Tubino, 1989), is
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based on a physically-based description of the in-
teraction between flow and a deformable sediment
bed. The direction of sediment transport may differ
from the direction of depth-averaged flow because
of gravitational effects on moving particles on trans-
verse and longitudinal slopes and because of spiral
flow in bends. The first is often referred to as the
transverse bed slope effect and the second is often
referred to as bend flow. The steady bed topography
in river bends can be understood as a combination
of a transversely sloped bed depending on the local
channel curvature and a pattern of steady alternate
bars induced by upstream variations (or perturba-
tions) in channel curvature. The superimposed bars
are in some conditions expressed as deep pools on
the outer bend, mirrored by high bars on the inner
bend. The transverse bed slope and bar patterns are
highly relevant for stratigraphy: the transverse bed
slope effect effectively determines the slope of lateral
accretion surfaces, whilst the deepest scours form the
erosional base of the channel belt.

Struiksma et al. (1985) (also see Kleinhans and
van den Berg, 2011) derived analytical predictors for
bar wavelength and bar behaviour. This theory can
intuitively be understood from the starting point of
a perfectly straight channel with flat bed and an up-
stream perturbation of the bed on one side of the
channel at a fixed location. Starting from this pertur-
bation, the transverse flow adapts whilst the bed de-
velops a transverse slope, which is the first bar forced
by the perturbation. Depending on conditions, this
bar excites new bars further downstream, or the per-
turbation is damped out. Struiksma et al. identified
four characteristic length scales that describe such
a situation, namely the adaptation length of trans-
verse flow λw, the adaptation length of transverse
bed adaptation λs, the wavelength of the bars Lp (m)
and the damping length of the bar LD (m). Most im-
portantly, dimensionless bar period (or wavelength)
Lp is calculated from:

2πλw

Lp
=

1
2

√
(n + 1)

λw

λs
−
(

λw

λs

)2
−
(

n− 3
2

)2

(12)
where n = the degree of nonlinearity of sediment
transport versus depth-averaged flow velocity (qb =
f (un)). For a classical bed load transport predictor
such as Meyer-Peter and Mueller (1948), n ≥ 3 for
high Shields numbers and increases to infinity to-
wards the critical Shields number for sediment mo-
tion. We choose with n = 4 for sand-bed rivers and
for gravel-bed rivers n = 10 (following Crosato and
Mosselman, 2009) as gravel is closer to the threshold
of motion so that the nonlinearity is stronger. Here,
the adaptation length λw (m) of transverse flow is
given as:

λw =
C2h
2g

(13)

which suggests that adherence to the roughness scale
(Eq. 4) is important. The adaptation length of a bed
disturbance λs (m) is calculated as:

λs =
h

π2

(
W
h

)2
f (θ) (14)

where W is channel width (m), and where the mag-
nitude of the transverse slope effect f (θ) is calculated
from an empirical function (e.g. Koch and Flokstra,
1981; Talmon et al., 1995):

f (θ) = αθ

√
θ (15)

where αθ is used for calibration.
Dimensionless damping length Ld of the bars is

calculated by:

λw

Ld
=

1
2

(
λw

λs
− n− 3

2

)
(16)

Thus bar theory predicts whether forced bars
dampen out in less than one bar length (overdamped
regime) or over longer distance so that multiple bars
along the river may exist (underdamped regime) or
excite (excitation regime, Ld < 0 m). This character-
istic of bars is a function of the dimensionless Inter-
action Parameter (IP):

IP =
λs

λw
(17)

which depends strongly on width-depth ratio, and
weakly on hydraulic roughness and sediment mobil-
ity. The significance of this ratio is that it predicts
whether bars can exist at all in a channel. For in-
stance, very narrow and deep experimental channels
will not develop bars.

The above shows that the key variable that needs
to be controlled in experiments is the width-to-depth
ratio of the channel. The above length scales, par-
ticularly the bar length but also the damping length
that predicts bar behaviour, depend most strongly
on channel aspect ratio W/h and also on roughness
h/D50 and C, and sediment mobility θ. All variables
may differ between experiment and nature because
of vertical distortion, so that the eventual morphol-
ogy differs as well (Struiksma et al., 1985; Struiksma,
1986). It is the question, however, how important
those distortions are when river patterns are created
in generic experiments without relation to a specific
prototype.

The different regimes of the Interaction Parame-
ter lead to the development of different river patterns
(as described in Kleinhans and van den Berg, 2011).
A river can be considered as single-thread, moder-
ately braided or braided depending on the number
of active channels across the river during channel-
forming discharge (Egozi and Ashmore, 2008; Klein-
hans and van den Berg, 2011). In order to assess
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the effect of scaling, the above equations were di-
rectly applied to typical conditions in natural rivers
and laboratory experiments. This shows that the
curves of dimensionless damping and wavelengths
as a function of the dimensionless Interaction Pa-
rameter for natural and laboratory scales are indis-
tinguishable. This result was obtained with n = 10,
for the laboratory river a D50 = 0.5 mm, h = 0.01 m,
C = 40 m1/2/s and θ = 0.1 based on Table 1 and
for the natural gravel-bed river a D50 = 33 mm,
h = 1.6 m, C = 28 m1/2/s and θ = 0.1 based on
Kleinhans and van den Berg (2011). The chosen num-
bers suggest a laboratory river that is about 100 times
as small as a typical natural river with Nh = 160 and
ND = 66. The width-to-depth ratio required for a
certain bar pattern can then be calculated for the lab-
oratory and natural case using the definition of IP.
This leads to the conclusion that to obtain the same
bar pattern an experiment requires a width-to-depth
ratio that is about 1.5 times larger than in the natural
case.

The number of active channels are given by the
braiding index (Bi) or the bar mode m. Crosato and
Mosselman (2009) derived an analytical bar mode
predictor, which provides the favourable mode ac-
cording to the theory of Struiksma et al. (1985) for
sand and gravel bed rivers:

m =

√√√√√0.17g (n− 3)√
ρs−ρ f

ρ f
D50

W3S
CQ

(18)

where the relation between mode m and braiding in-
dex Bi is defined as

Bi =
m− 1

2
+ 1 (19)

Metivier and Meunier (2003) and Malverti et al.
(2008) analysed the effects of laminar flow on sed-
iment transport and braiding and found that sedi-
ment transport in laminar flow can well be described
by a Bagnold-type or Meyer-Peter and Mueller-type
predictor, which depend on sediment mobility and
the threshold for sediment motion. Furthermore,
braided rivers were experimentally produced in lam-
inar flow in agreement with linear stability theory by
Devauchelle et al. (2007), which demonstrates that
the existence of braiding does not depend on turbu-
lence of the flow. However, the development of lam-
inar spiral flow has yet to be investigated, so we do
not know the effect of laminar flow on bar dimen-
sions and transverse bed slope in experiments aimed
at meandering. Furthermore, meandering requires
formation of a floodplain, and if this is accomplished
by deposition of fine suspended sediment then tur-
bulence is required for suspension.

An analytical solution for the transverse bed
slope, which corresponds to the slope of lateral ac-

cretion surfaces in river bar deposits, can be found
for an infinitely long and gentle bend when the grav-
itational force on particles are balanced by the spiral
flow (Struiksma et al., 1985; Talmon et al., 1995):

tan
(

δz
δy

)
= 9

(
D
h

)0.3√
θ

2
κ2

(
1−
√

g
κC

)
h
R

(20)

where κ = 0.4 is Von Kármán’s constant and R = ra-
dius of curvature of the streamlines. This equation is
very sensitive to the calibration parameter αθ (Schu-
urman et al., 2013).

To sum up what can be learned from theory: to
obtain geometrical similarity of channel morphology
between a prototype and scale model, all dimension-
less length scales should be equal, including the in-
teraction parameter and the dimensionless damping
and wavelength of the bars. Scale model distortion
(Nx = Ny 6= Nz) leads to a significant scale prob-
lem, because the width-to-depth ratio appears in the
length scales for bar development. It cannot be re-
solved by adjusting the sediment mobility, which
also appears in the length scales, because mobility
affects the sediment transport mode and transverse
bed slope (see Eq. 20). The scale problems are also
not improved when using a low density sediment be-
cause the balance between spiral flow and transverse
bed slope effect is changed (Struiksma et al., 1985;
Struiksma, 1986; Struiksma and Klaassen, 1986), al-
though the low density would have no effect on the
predicted bar pattern if the Shields mobility is kept
the same by reduction of the gradient. The balance
between spiral flow and transverse bed slope is also
modified for different grain sizes if a poorly sorted
sediment is used. On the other hand, scale models
may have higher width-to-depth ratios than proto-
types for the same bar pattern. In conclusion, there is
no experimental approach that will completely over-
come prevent these scale problems so the only op-
tion is to conduct experiments that are not ideally
scaled and compare experimental results to natural
systems, theory and numerical models.

2.1.4 Aim, design and characteristics of river and
delta experiments

Our approach to experimental design and analysis
as outlined above takes an intermediate position be-
tween the powerful similarity scaling of traditional
engineering and the equally powerful exploratory
landscape and stratigraphy experiments that violate
scaling rules yet produce various forms of similar-
ity between experiment and nature. Many experi-
ments in sedimentology and geomorphology focus
on generic questions rather than a specific proto-
type (Table 1), so the scale N (Eq. 1) is unknown.
This means that geometric proportions in the exper-
iments may be different from specific prototypes, for
instance the length of bars relative to channel width,
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the width-to-depth ratio and the backwater adapta-
tion length compared to the bend or bar length. But
as long as the processes and dynamics are the same
or similar as those in nature, generic questions can
be answered by comparison of the morphodynamics
with control experiments at the same scale. Thus vi-
olations of similarity scaling can largely be ignored
and theory can be used to design the experiments.
Theory is in fact more appropriate for experimental
river pattern design than empirical approaches; for
example the empirically accurate stream power clas-
sification for river patterns Kleinhans and van den
Berg (2011) breaks down for small rivers and exper-
iments whereas the theory of Struiksma et al. (1985)
predicts bar dimensions in our experiments rather
well (Kleinhans et al., 2010a; Van Dijk et al., 2012).

From the foregoing, it follows that three ‘relaxed’
scaling requirements must be fulfilled for general
process similarity with natural gravel-bed rivers. We
call these requirements ‘relaxed’ relative to classical
similarity scaling. First, flow must remain subcrit-
ical or critical and turbulent. Grant (1997) found
that self-formed channels that tend to evolve into the
supercritical regime will not exceed critical flow by
much or will tend to oscillate around critical flow.
Indeed, experiments often are close to critical and
rarely exceed Fr = 1 (Table 1). Second, bed sedi-
ment must be mobile in the bedload regime to rep-
resent gravel bed rivers in nature and in the suspen-
sion regime to represent sand bed rivers in nature.
The latter has proven difficult when very fine cohe-
sive sediment is used (Smith, 1998; Hoyal and Sheets,
2009). Scale problems are largely unexplored in such
conditions, if only because weakly cohesive sediment
behaviour in laboratory conditions is poorly under-
stood. Usually, however, experiments have dominant
bed load transport which is typical for gravel-bed
rivers (Kleinhans and van den Berg, 2011). Third,
the bed must be hydraulically rough. This require-
ment conflicts with the requirement of sufficient sed-
iment mobility, which also depends on particle size,
and in the case of the smooth bed of Smith (1998)
may have led to unrealistically deep scour holes and
sharp bends. The conflict has been resolved by using
a poorly sorted unimodal sediment where the coars-
est particles cause the bed to be rough (Peakall et al.,
2007; Van Dijk et al., 2012).

The key problem that now remains is to con-
strain material behaviour and conditions such that
the dynamic balance between floodplain formation
and bank erosion leads to the desired type of river
or delta pattern. This consideration will determine
the channel width-to-depth ratio, which must be in
the range where the correct river pattern appears.
For braiding experiments the channels must be wide
and shallow so that higher-mode bars appear as in
Ashmore (1991) and Tal and Paola (2010). The chan-
nel width-to-depth ratios of the Smith (1998) exper-

iments are extraordinary small compared to natural
systems because of the large cohesion of the sedi-
ment. The large depth could not have been caused
by vertical distortion due to high flow resistance, be-
cause the fine sediments used in the experiments
were relatively smooth, which is confirmed by the
high Froude number. Early experiments demon-
strated that lack of bank strength leads to run-
away bank erosion and formation of braided systems
(Friedkin, 1945; Schumm and Khan, 1972), whereas
too much bank strength leads to unrealistically nar-
row and sometimes immobile channels (Smith, 1998).
Therefore many studies attempted to form flood-
plains that were erodible by adding slightly cohesive
sediment such as silica flour (Peakall et al., 2007),
vegetation (Tal and Paola, 2010) or cohesionless low-
density sediment that was mobile on the floodplain
and trapped by vegetation (Braudrick et al., 2009).
Most of these materials were selected by trial and
error in time-consuming experiments. The problem
addressed in the next section is how we can test such
materials in advance to understand their influence
on experimental conditions, thereby providing an a
priori framework for achieving desired experimental
outcomes.

3. EXPERIMENTS FOR TESTING ERO-
SION AND SEDIMENTATION

To design an experiment with self-formed chan-
nels, one could apply hydraulic geometry relations.
However, these relations implicitly depend on the
strength of the banks and therefore indirectly on pro-
cesses that form floodplain on the accreting bank (see
Ferguson, 1987; Kleinhans, 2010, for reviews). Conse-
quently, we must find a way to scale down the flood-
plain forming processes and the resulting ratio be-
tween strength of the banks relative to strength of
the flow that determines bank erosion processes and
rate (Simon et al., 2000; Simon and Collinson, 2002).
The tendency of a small-scale fluvial system to form
floodplains and erode banks depends to a large ex-
tent on the properties of the sediment and presence
of vegetation or other substances that enhance bank
strength, which we will first describe. Following ma-
terial description, we present four experimental se-
tups that test aspects of the balance of flow and bank
strength: the direct shear test, a bank erosion ex-
periment (Fig. 2a,b), a delta deposition experiment
(Fig. 2c) and a stream table (Fig. 2d). Together these
four setups can be used to quickly determine rele-
vant properties and behaviour of materials (Table 2)
in otherwise similar conditions, in contrast to expen-
sive experiments with entire rivers and deltas in a
large flume (Table 1) that take weeks or months to
run.
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Table 1: Dimensional and dimensionless characteristics of selected river and delta experiments reported in literature (Friedkin, 1945;
Schumm and Khan, 1972; Ashmore, 1991; Smith, 1998; Peakall et al., 2007; Braudrick et al., 2009; Tal and Paola, 2010;
Van Dijk et al., 2012, 2013b; Sheets et al., 2002; Hoyal and Sheets, 2009).

Friedkin Schumm Ashmore Smith Peakall Braudrick Tal v Dijk 1 v Dijk 2 Sheets Hoyal Unit Eq.
Q 1.42 4.25 3 0.71 0.51 1.8 2 1 0.3 0.5 0.33 10−3 m3/s -
S 0.0075 0.02 0.015 0.015 0.008 0.0046 0.015 0.0055 0.01 0.05 NA m/m -
D10 0.2 0.35 0.2 0.01 0.12 0.62 0.3 0.25 0.25 0.12 0.005 10−3 m -
D50 1.2 1.16 0.7 0.03 0.21 0.8 0.5 0.51 0.51 0.12 0.05 10−3 m -
D90 3 4 1.2 0.05 1.03 1.04 0.7 1.35 1.35 0.12 0.45 10−3 m -
W 0.23 0.671 1.0 0.04 0.116 0.4 0.4 0.3 0.15 0.115 0.05 m -
h 0.0457 0.0762 0.01 0.005 0.015 0.013 0.02 0.015 0.010 0.028 0.023 m -
Fr 0.19 0.10 0.95 0.90 0.76 0.87 0.56 0.78 0.80 0.30 0.59 - 2
λbw 18.3 114.3 2.0 1.0 5.6 8.5 4.0 8.2 3.0 1.65 15.1 m 3
Re 5800 6400 3000 1000 4400 4100 5000 4500 2500 4400 6600 - 5
We 10.1 7.3 12.3 2.7 17.6 17.3 17.1 18.5 8.6 9.4 25.7 - 6
Re∗ 174.0 46.4 153.4 1.4 35.3 25.2 38.0 45.9 45.9 34.8 0.16 - 8
θ 0.17 0.13 0.08 1.52 0.35 0.05 0.36 0.10 0.12 6.94 0.14 - 9
C 40.7 51.9 26.6 55.5 40.4 39.2 45.6 38.3 35.1 54.7 85.4 m1/2/s 11
n 10 10 10 4 10 10 10 10 10 4 10 - see 12
Lp 0.64 1.51 - 1.78 - 5.34 2.37 3.95 1.52 0.77 - m 12
Ld -0.38 -0.28 -0.36 0.19 0.26 11.4 -0.28 2.04 1.02 -0.38 0.014 m 16
IP 0.43 1.02 7.88 0.30 0.30 0.26 1.96 0.20 0.21 4.28 0.004 - 17
Bi 1.36 1.83 4.45 1.0 1.0 1.17 2.34 1.17 1.17 1.53 1.0 - 19

3.1. Materials

Three sediment mixtures used herein the range re-
ported in literature(Fig. 3). One sediment is uniform
fine sand as used in van Dijk et al. (2009). The other
sediments are poorly sorted sand as in Peakall et al.
(2007) and Van Dijk et al. (2012); van de Lageweg
et al. (2013a). We also studied the behaviour of
even more poorly sorted sediment but found that it
armoured strongly so that material is not included
here. Silt-sized silica flour was added to the poorly
sorted sand in Fig. 3 various proportions. How this
silt affects the morphodynamics is not fully under-
stood, but it is the only granular material discovered
so far that builds floodplain at the experimental scale
that leads to dynamic meandering. Although the silt
is not nearly as cohesive as clay, Lick and Gailani
(2004) show that the critical shear stress increases for
particles smaller than 50 µm, so that the added silica
flour is expected to increase the threshold for chan-
nel erosion on a floodplain. At the same time, the
silt particles percolate through the pores into the bed
and silt smaller than a certain cutoff size does not
contribute to bed level change and roughness (Frings
et al., 2008). We calculated that silt-sized material
finer than 20 µm, that is, 40% of the silt-sized silica

flour, is accommodated entirely in the pore space of
the sand mixture, which means that more than half
of the silt is deposited on top of the sand to form
slightly cohesive layers with smooth surfaces.

Two materials were added to the poorly sorted
sediment in some experiments: bentonite and Par-
tially Hydrolyzed PolyAcrylamide (PHPA, a syn-
thetic polymer). The bentonite is a clay mineral that
was mixed into the sand in dry powder form. The
polymer was used in the delta experiments of Hoyal
and Sheets (2009) in combination with the bentonite
and other materials. For an experiment with distinct
channels and floodplain it is important to be able to
measure where the polymer is deposited, but, unlike
the other materials, PHP is difficult to observe. We
unsuccessfully attempted to dye the polymer and
also attempted to measure the polymer concentra-
tion with an amide hydrolysis method (Nagase and
Sakaguchi, 1965). For both methods the measurable
polymer concentration in a soil sample turned out
to be an order of magnitude higher than the low
polymer concentrations at which morphodynamics
were already strongly affected. More importantly, we
found from percolation experiments with coloured
polymer that the polymer was not fixated in the

Table 2: Approximate conditions in three small experimental setups (see Fig. 2) in comparison to the large flume experiment with
self-formed river and floodplain of Van Dijk et al. (2012, 2013b); van de Lageweg et al. (2013a).

Setup discharge sediment feed slope inlet width dimensions
10−3 m3/s 10−3 m3/hr m/m m m×m

Large flume 0.25–1 0.2–1 0.0055–0.01 0.25 10×3
Stream table 1 1 0.01 0.1 5×1.25
Delta table 0.17 0.6 0 0.04 1.5×1
Friedkin channel 0.111 0 0.01 0.05 1.1×0.05
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Figure 2: Small scale experimental setups to systematically test erosional and depositional behaviour for different sediment mixtures
under conditions similar to that in large flume experiments (see Table 2). A. Setup of Friedkin erosion test. The water
supply channel is 5.0 cm wide, 1.1 m long and coated with a sand layer to represent sand roughness. The standard mold
has a surface area of 3.225 dm2 (or ×10−2 m2), is 2 cm in height (total volume 0.645 L) and is inclined with a 45◦ angle to
the water supply channel. B. Friedkin erosion run with erosion indicated for every time step. Warmer colours correspond
to a longer erosion duration. C. Side view of Delta experiment. We used a flat plywood stream table of 1.5 by 1 m with a
constant base level with a 4.0 cm wide inlet. (d) Side view of plywood stream table of 5 m long, 1.25 m wide set at a slope
of 0.01 m/m.
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0

10

20

30

40

50

60

70

80

90

100

0.001 0.01 0.1 1 10
Grain size (mm)

Cu
m

m
ul

at
iv

e 
pe

rc
en

ta
ge

 fi
ne

r (
%

)

uniform sand
D10 = 0.16 mm
D50 = 0.21 mm
D90 = 0.32 mm
Dcp = 0.021 mm
ε tot  = 33 %

40% silica mixture
D10 = 0.01 mm
D50 = 0.26 mm
D90 = 0.86 mm
Dcp = 0.000 mm
ε tot  = 9 %

20% silica mixture
D10 = 0.03 mm
D50 = 0.38 mm
D90 = 1.07 mm
Dcp = 0.026 mm
ε tot  = 18 %

poorly sorted
sand
D10 = 0.23 mm
D50 = 0.47 mm
D90 = 1.24 mm
Dcp = 0.032 mm
ε tot  = 29 %

Figure 3: Particle size distribution of four sediment mixtures;
uniform sand (black-solid line), poorly sorted sand
(red-dashed line), 20% silt mixture (blue dash-dotted
line) and 40% silt mixture (greed-dotted line). The
cutoff size (Dcp) shows the fraction that will percolate
into the bed. Porosity (εtot) indicates the percentage
of pores in the sediment mixture.

result, the entire deposit becomes strongly cohesive
when PHPA is used. This need not be a problem in
the case of accumulating deltas where deeper layers
do not affect the morphodynamics. However, in the
case of non-aggrading conditions, such as river pat-

tern experiments on a fluvial plain of constant slope
and elevation, it prohibits morphodynamics due to
the large cohesion added to sediment.

Vegetation was sown on the poorly sorted sand in
some experiments to simulate a uniform vegetation
distribution, and added to the inflow in other experi-
ments, which is a novel approach that simulates how
the flow distributes vegetation on the morphology
(Van Dijk et al., 2013a). We experimented with var-
ious species (Van de Lageweg et al., 2010), includ-
ing garden rocket (Eruca sativa), garden cress pep-
per weed (Lepidium sativum), thale cress (Arabidopsis
Thaliana) and alfalfa (Medicago sativa) as in Tal and
Paola (2009) and Braudrick et al. (2009). Sprouts of
these species were systematically subjected to differ-
ent seeding densities and to various growing con-
ditions, including light intensity, submergence and
nutrient starvation. We found that plants sprouted
quickest and grew best on saturated soil. Garden
cress pepperweed and garden rocket grew the largest
stem heights and root systems, whereas thale cress
and alfalfa remained smaller and grew slower. Al-
falfa and garden rocket developed single main roots,
whereas garden cress pepper weed developed main
roots with side branches that anchored much more
strongly in the soil. Denser seeding reduced sprout
growth after about a week. Stronger light increased
plant growth and plant strength. A striking re-
sult was that environmental conditions do not affect
seedlings very much in the first week because in this
stage the plants still depend mostly on nutrition from
the seed. However, the sand is devoid of nutrients,
which leads to general mortality after a week, par-
ticularly if water is not refreshed but recirculated.
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Figure 4: Results of direct shear tests. A. Typical time series of required shear versus displacement showing the optimum before
failure. B. A fit of the maximum strength at failure for replica measurements and different normal stresses, but note that
these normal stresses represent bank heights orders of magnitude larger than found in experiments. The sediment mixture
with silica flour has significant cohesion whereas the polymer mixture (poorly sorted sediment with 20% silica to which
polymer is added) shows a negative apparent cohesion. See Fig. 3 for compositions.

Fungi developed on dead plants when water was re-
circulated in a relatively dark laboratory, but these
can be prevented or slowed in development by using
fresh water and a minor amount of copper sulfate.
We had mixed results with grow lights which may
lengthen the life (Braudrick et al., 2009) but may also
dry the plants out too much.

3.2. Direct shear test for material strength

Experiments using clay for floodplain material
demonstrated that this material is too strong to be
removed by experimental rivers (Jin and Schumm,
1987). This outcome is expected because clay has a
strength of the order of several kilo-Pascal, whereas
the flow shear stress in nature is of the order of sev-
eral Pa and less in the laboratory. Many past ef-
forts to reproduce river patterns in the laboratory
focussed on finding and optimising a floodplain-
forming material or using vegetation as a ‘floodplain
filler’ (Gran and Paola, 2001; Tal and Paola, 2007;
Braudrick et al., 2009). Plants increase bank strength
as do cohesive floodplain sediment and vegetation
in nature (Tal and Paola, 2007), but this effect has not
been quantified relative to other materials. Predic-
tions with theory or models for bank stability cannot
replace measurements because they are strongly de-
pendent on empirical determination of cohesion and
other soil parameters, as well as physical properties
of plants with roots in that soil.

A classic geotechnical measurement of material
strength is the direct shear test in saturated and
well-drained conditions, which we used to compare
strength of materials used in experiments. Samples
0.06 m wide and long and 0.02 m thick were sheared
at a constant rate and under a constant normal stress
whilst the required force was measured. The di-

rect shear apparatus incorporated a motor to move a
piston at a predefined constant rate (horizontal dis-
placement). A load hanger system provided the ad-
justable (5, 10, 15, 20 and 30 additional kg) normal
stresses. The material strength was derived at the
peak shear strength just before failure (Fig. 4a). For
every sediment sample at every normal stress at least
three replicates were measured. The intercept of the
trend line of shear strength against normal stress is
an apparent cohesion (c/), and the slope of this trend
line indicates the angle of internal friction (φ).

We found that accurate measurements of shear
strength require a significant normal stress, but then
the extrapolation to zero normal stress for the de-
termination of cohesion is inaccurate (Fig. 4b). Al-
though the apparent cohesion of poorly sorted sand
with silica flour is larger than that without the silt,
the uniform sand also has a relatively large cohesion
value. On the other hand, sand with polymer has
a negative apparent cohesion, if a straight line is fit-
ted, because the polymer limited drainage from the
sample making it unsuitable to quantify its material
strength from a direct shear test. We also attempted
measurements of samples that were rooted with al-
falfa and garden rocked but this gave irreproducible
results because roots were pulled through the sedi-
ment.

Apparently the material properties at the experi-
mental scale differ significantly from that in the di-
rect shear test. A normal stress of 25 kPa, the mini-
mum value applied here, means that a sample of unit
surface area is subjected to a weight of 2500 kg. With
a typical soil density of about 1500 kg/m3 this trans-
lates to a minimum bank height of more than 1 m.
The banks of experimental channels are, however, of
the order of 0.01 m high. We therefore conclude that
the standard direct shear test of material strength is
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Table 3: Sediment mixtures were composed of poorly sorted sand (‘Ps’), silica flour (‘s-f’), bentonite and/or polymer. Polymer was
measured in grams of dry granular material per litre of dry sediment whereas the other components were measured as
volumes of dry material. Note that our Delta mix contained much less polymer than other mixtures that also incorporated
polymer.

Input Ps silica-flour Ps s-f bentonite Ps s-f polymer Delta mix Hoyal mix Unit
Poorly sorted sand 80 80 80 79.8 76 % vol
Silica flour 20 20 20 20 19 % vol
Bentonite - 3 - 0.2 5 % vol
Polymer - - 1.25 0.07 1.25 g/L

of limited value for the present purposes.

3.3. Friedkin setup for bank erosion tests

The bank erosion rate resulting from all physical and
biological processes acting in channel pattern exper-
iments can directly be measured in an experiment.
These processes include flow shear, armouring at the
bank toe, capillary forces, added strength by roots
and polymer excreted from roots, added flow re-
sistance at banks by overhanging vegetation, mass
failure of banks, and so on. We present an experi-
mental ‘Friedkin’ setup gleaned from Friedkin (1945)
with which we compared bank erosion rates for a
wide range of conditions and materials of experi-
ments from literature (Table 1). The principle of the
experiment is that a block of sediment with similar
bank height as in the channel pattern experiments
is eroded over time by clear water of similar water
depth and flow velocity as in the channel pattern ex-
periments (Fig. 2a). We used a mould to position
a block of slightly undersaturated sediment in the
Friedkin flume with high accuracy and repeatabil-
ity. The walls of the block of sediment were initially
vertical for easy mold removal and stayed vertical be-
cause of adhesion of the moist material. Time lapse
photography and image analysis allowed for auto-
mated determination of the volume of the block of
sediment (Fig. 2b). Each time series of sediment vol-
ume was characterised by a half-life time at which
half the sediment was eroded.

Tens of small-scale bank erosion experiments and
bank failure experiments (Van de Lageweg et al.,
2010) were performed to quantify the strength of
banks reinforced by plant roots at the experimen-
tal scale. Seeds were allowed to sprout in sand al-
ready positioned in moulds to prevent disturbance
upon placement in the flume. Various mixtures of
sediment were tested repeatedly with systematically
varying cohesive additions (Table 3).

We found different erosion trends that were very
sensitive to material composition (Fig. 5). Many
erodible mixtures show relaxation behaviour charac-
terised by fast initial erosion and gradually decreas-
ing erosion rate (Fig. 5a). Some materials, such as
our standard poorly sorted sand (Fig. 3) continued to
be eroded until the block of sediment was breached.
Breaching is important to have as a condition con-

trasting cases where the breach did not occur because
of different material properties. For example, in very
poorly sorted sand with a tail of fine gravel with a
90th percentile of 2.7 mm static armouring occurred
at the bank toe, which prevented breaching. The uni-
form sand of van Dijk et al. (2009) with the hydrauli-
cally smooth boundary showed a constant bank ero-
sion rate rather than relaxation, possibly because it is
fine and highly mobile in the experimental range of
shear stress. The polymer ‘delta’ mixture with ben-
tonite and poorly sorted sand of a lower concentra-
tion than the mixture of Hoyal and Sheets (2009) (Ta-
ble 3) was moderately erodible, whereas a mixture of
poorly sorted sand with silica flour and higher ben-
tonite concentration was hardly erodible (Table 3).

The effect of silica flour was tested for two differ-
ent sedimentary styles: uniformly mixed into the bed
to represent a heterogeneous bank with many thin
layers of cohesive sediment, and spread (as dry pow-
der) as a uniform cohesive silt on top of a uniform
cohesionless layer of poorly sorted sand (Fig. 5b).
The erodibility of the sediment block was more than
halved by increasing silt to 40% by volume. This is
more than the pore volume of the poorly sorted sand,
so the mixture must have become matrix-supported
on the silt between 20–30% (Fig. 3). Indeed, we found
that dry mixing followed by wetting worked well
whereas wet mixing led to immediate fluidisation
upon removal of the mould. However, exceeding the
pore volume when mixed dry seems not to have af-
fected the erodibility, except perhaps that variability
was much larger for 40%.

For the second style with a uniform silt layer on
top of cohesionless sand the volumetric fraction of
silt was calculated from the thicknesses of sand and
silt layers to be able to compare on the same axis
to the uniformly mixed banks (Fig. 5b). A layer of
silt on a sandy bank doubled the half-life compared
to the same amount of silt mixed uniformly into the
sand, and increased variability of the half-life. A 1.5–
2 mm layer of silt resulted in a half-life of 2–3 hr
which is considerably longer than for the control ex-
periments with poorly sorted sand which breached
in less than 0.5 hr. This shows that an experimental
floodplain with a top layer of silt considerably re-
duces bank erosion rates even though the bank toe is
composed of cohesionless sediment. We suspect that
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Figure 5: Bank erosion tests results (see text). ‘Ps’: poorly sorted sand, ‘s-f’: weakly cohesive silt-sized silica flour. A. Time series
of normalized sediment volume shows different behaviour of materials (Fig. 3, Table 3). B. Half-life (in hours) of sediment
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E. Effect of two plant species, two plant ages and two seeding densities on bank erosion.

the relatively large effect of the top layer is partly
caused by a transition from hydraulically rough to
smooth boundary of the bank toe as silt blocks fail
from the bank top and gradually break apart on the
bank toe to enrich the sediment surface locally with
silt. The silt blocks themselves seemed not to prevent
bank toe erosion.

As expected, bentonite had a much stronger ef-
fect on bank erodibility than silica flour (Fig. 5c).
A concentration of only 1.5% by volume halved the
erodibility and at 3% no erosion occurred at all. The
bentonite is an important component of the polymer
mixture of Hoyal and Sheets (2009) because it reacts
with the polymer, but the Friedkin experiment shows
that the bentonite on its own must have a large ef-
fect compared to the much less cohesive and coarser-
grained silica flour used in the fluvial experiments of
Peakall et al. (2007) and Van Dijk et al. (2012). The

effect of polymer mixed into the sediment in the con-
centration used by Hoyal and Sheets (2009) is much
larger than any other component tested here. We
also tested the effect of 4 mm thick layers of co-
hesive sediment on a 8 mm thick bank compared
to the control experiment with 12 mm thick poorly
sorted sand (Fig. 5d). Poorly sorted sand with 20%
silt by volume is two times less erodible than cohe-
sionless poorly sorted sand. Further addition of the
same amount of bentonite as in the delta mixture of
Hoyal and Sheets (2009) adds no measurable effect.
However, addition of the same polymer concentra-
tion as in Hoyal and Sheets (2009) renders the banks
nonerodible as tested over more than 3 hours. Our
delta mixture, which combines silica flour, bentonite
and a much lower polymer concentration was some-
what erodible but had a half-life much longer than
the poorly sorted sand and the silica flour mixture.
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Again we found that the polymer percolated from
the top layer into the entire bank which increased
the strength of the initially cohesionless material as
well. This behaviour shows that the polymer is un-
suitable for river experiments since the risk of ossi-
fication is large and we found no way to fix most
polymer to sediment and stop percolation. We ob-
served that mixtures and deposits aged within hours
and became much more cohesive in the ageing pro-
cess, but we did not investigate in detail the develop-
ment of gelling by the polymer. There exist oxidants
that break down highly-gelled muds with polymer
which may be interesting to evaluate in future inves-
tigations.

Erodibility of vegetated banks is strongly deter-
mined by seeding density, rooting density and depth
of rooting relative to channel depth (Fig. 5e). Halving
the seeding density approximately doubles the erodi-
bility for 3-day old seedlings, with no difference be-
tween the two species shown. However, after 6 days
the garden rocket provided much more strength to
the bank than alfalfa, but only for the low seeding
density, because the roots branched strongly in these
conditions. For the higher seeding density the effect
of the two species hardly differed and also was the
same as after 3 days. The enhanced bank strength for
low garden rocket seeding density is probably due
to the strongly spreading root systems of individual
seedlings in contrast to that of alfalfa. Apparently
high alfalfa seeding densities can compensate for the
strength added by root branching of garden rocket,
producing differences between species for low seed-
ing densities. However, Braudrick et al. (2009) found
that after two weeks also the root density of alfalfa in-
creases. Nevertheless these results suggest that bank
strength by alfalfa is the less difficult to control be-
cause it merely depends on seeding density. In addi-
tion, the erosion tests of the vegetated banks indicate
that the risk of ossification is large and therefore low
seeding densities and limited spreading root systems
of individual seedlings are preferred.

We conclude that the Friedkin setup is useful to
compare bank erosion rates between various sedi-
ment mixtures and to isolate effects of additions such
as cohesive material or plants, and to test layered
bank scenarios.

3.4. Delta setup for sedimentation tests

Erosion and sedimentation are equally important: to
maintain a constant width in time, the bank erosion
must be equalled by sedimentation on the opposite
side of the river. ‘Sedimentation’ is also the set of
processes that determines the stratification once flu-
vial accommodation space has been generated by a
channel or by subsidence. Here we present an exper-
imental ‘Delta’ setup that allows fast and systematic
comparison of sedimentation styles of different ma-

terials. Stratification will obviously differ between
deltas and floodplain splays, but the sedimentary be-
haviour is similar in the sense that there is an ex-
panding flow that leads to sedimentation, and there
is also channel initiation and bifurcation as in splays,
chutes and braided rivers.

Formation of small-scale channelised fan deltas
in the laboratory has proven challenging but signif-
icant progress has been made in several labs in re-
cent years (e.g. Sheets et al., 2002; Hoyal and Sheets,
2009; van Dijk et al., 2009; Powell et al., 2012). Vari-
ous types of deltas have been created, ranging from
fine- to coarse-grained, non-cohesive to cohesive, and
from sheet flow dominated to strongly channelised.
These experiments have elucidated a number of im-
portant factors and autogenic behaviours under con-
stant boundary conditions, such as channelisation
and mouth bar formation and backward sedimenta-
tion leading to avulsion. However, there has been
very little systematic investigation of scale effects
and of the effect of sediment mixture on autogenic
delta behaviour. Here we describe a set of exper-
iments with identical conditions to investigate the
link between sediment mixture properties, such as
grain size, sorting, addition of fines or polymers, and
delta morphodynamics. A quantification of aspects
of morphodynamics such as time series of channel
dimensions, network pattern, planform delta shape,
and bifurcation mechanisms is beyond the scope of
this paper. Visual inspection, however, strongly sug-
gested that the sedimentary behaviour and the ten-
dency to form channels can also be expected in large-
scale experiments. These experiments were designed
to be small, fast and repeatable, so that a wide range
of different mixtures could be covered.

We found that the delta experiments elucidated
the tendency of splay formation and channelisation
in naturally formed sediment deposits. Sedimen-
tation patterns and dynamics differed dramatically
between different types of sediment (Fig. 6). The
uniform fine sand invariably exhibited sheet flow or
formed unwanted scour holes because of hydraulic
smooth conditions. These scour holes are unwanted
because their dimensions are nearly independent of
channel depth and often much larger than channel
depth. We further found that deltas with the uniform
sand exhibited alternating phases of (unchannelised)
sheet flow and deeply incised channels (Fig. 6a) in
agreement with van Dijk et al. (2009); Van Dijk et al.
(2012). Incision initiated with a scour hole at the
apex.

In contrast, the poorly sorted sand formed well-
channelised deltas without scour holes, probably be-
cause the coarser particles cause hydraulically rough
conditions (see Eq. 8), and because bifurcations were
temporarily stabilised by gravel deposition (Fig. 6b).
More mature deltas were generally semi-circular fan-
shaped with protruding mouth bars.
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Weakly cohesive silica flour added to the poorly
sorted sand increased channelisation and channel
depth (Fig. 6c). The channels showed lateral mi-
gration as well as ‘avulsive’ tendencies in the form
of chute cutoffs, and deposited silt-rich sheets be-
tween channels in agreement with the river experi-
ments with similar sediment by Peakall et al. (2007)
and Van Dijk et al. (2012). A wide sediment mixture
with polymer, poorly sorted sand, silica flour and in
some cases bentonite (Table 3, delta mix) formed nar-
row channels with limited lateral mobility and strong
banks (Fig. 6d). Channels were narrower than in
any other mixture and flow was often supercritical.
As a result of channel extension by mouth bars and
upstream aggradation, avulsion occurred frequently
in agreement with Hoyal and Sheets (2009). At
the largest polymer concentrations, knickpoints and
backward steps appeared similar to those in deltas
on cohesive lake beds or bedrock. The polymer per-
colated to underlying layers which became stronger
over time. Experiments with higher concentrations
of polymer and bentonite (Table 3, Hoyal mix) failed
in our setup because the delta apex built up to a level
exceeding our simple wooden inlet. Furthermore the
properties and ageing of this material are determined
partly by the setup that mixes polymer into the flow

and sediment feed affects.
In general, these experiments showed that poorly

sorted sediment removes the unwanted scale effect of
scour holes in fine sand and facilitates sorting-related
bifurcation and bar formation. Addition of silica
flour increases channelisation by strengthening the
banks. Addition of polymer increases bank strength
much more and enhances channelisation and avul-
sion, but causes unwanted channel bed hardening
and backward step erosion. In aggradational settings
this condition may not be a problem but in river pat-
tern experiments without net degradation or aggra-
dation the polymer would inevitably ossify the entire
system.

3.5. Stream table setup for bar formation

A stream table was used to study morphodynam-
ics resulting from the combination of erosive and
sedimentary processes without net degradation or
aggradation. In our channel pattern experiments, the
stream table accommodated about two bar or mean-
der lengths. Water and sediment were supplied at
the upstream boundary and the downstream bound-
ary was a fixed weir. Overhead photography cap-
tured the morphodynamics, and dye indicated water
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depth and active channel flow. The stream table al-
lowed fast experimentation with one or two experi-
ments per day and rapid preparation within an hour
for new experiments because of its small size. Dif-
ferent sediments were tested and variations in up-
stream discharge and sediment feed were applied to
test theoretical relations between bar wavelength and
discharge and to determine the equilibrium condi-
tions. Furthermore, vegetation was manually sown
on the initial bed or in other experiments added to
the inflow and allowed to be spread by flow. In this
setup we discovered that shifting of the inlet fun-
nel was crucial to maintain channel dynamics, which
was later employed in the large flume experiments
(Van Dijk et al., 2012; van de Lageweg et al., 2013a).
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Figure 7: River morphology. A. Uniform sand leads to hy-
draulically smooth conditions which show scours and
ripple dunes in the bed. B. In the poorly sorted
sand initial meander bends develop until the sides are
reached. C. A decrease in discharge led to an incipi-
ent meandering river, which shows a cutoff before the
bends had grown to the sides of the flume. The lower
discharge did not decrease the dynamics of the exper-
iment. D. Silt addition in the feed deposited on the
outer bank floodplain and in the inner bank point bar.
E. Vegetation on the initial floodplain shows formation
of sharper and shorter bends, when the bank stability
increases.

As in the delta experiments we found that uni-

form sand had many scour holes but did not develop
an obvious channel (Fig. 7a), which is expected from
hydraulically smooth conditions. A double, weakly
sinuous bend developed in poorly sorted sand with
an upstream perturbation (inflow at an angle to the
general flume direction). This system also formed
scroll bars visible from the sediment sorting pattern
(Fig. 7b). A large reduction of discharge resulted in
smaller channels, which then exhibited chute cutoffs
before the bends migrated into the sidewalls, which
was a reason to stop the experiments with higher
discharge (Fig. 7c). Addition of silt to the feeder
led to incipient floodplain formation, somewhat nar-
rower channels, and in some cases to inhibition of
chute cutoff (Fig. 7d). High silt concentrations in the
feed and lower concentrations in the initial bed both
led to decreased lateral mobility or even immobil-
ity. Finally, we show an example of an experiment
with alfalfa vegetation sown uniformly on the initial
floodplain, which reduced lateral mobility but also
caused sharper and shorter bends and higher scroll
bars (Fig. 7e).
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Figure 8: Comparison of measured bar wavelength in stream
table experiments (Fig. 7) and predicted bar length
(Eq. 12), which is sensitive to transport nonlinearity
and which is highly variable near the initiation of sed-
iment motion. The choice of n = 10 recommended by
Crosato and Mosselman (2009) for gravel-bed rivers
agrees reasonably well with our results.

The wavelength of the forced bends in one of the
stream table experiments (Fig. 7b) was directly com-
pared to the value predicted by theory (Eq. 12, Fig. 8).
The wavelength is well predicted, but the prediction
is highly sensitive to the assumed nonlinearity n of
sediment transport, which is highly variable close to
the initiation of sediment motion as in these exper-
iments. On the one hand this shows that there are
no apparent scale effects in the overall dimensions of
the bends in the sense that the vertical distortion ren-
ders the theory inoperable as suggested by Struiksma
(1986). On the other hand it shows that the predicted
wavelength has considerable uncertainty. Hence the
stream table experiments allow an accurate empirical
determination of the wavelength for the used condi-
tions and sediment that can aid designing a large-
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scale experiment. Ultimately, these small-scale ex-
periments resulted in the set of boundary conditions
and sediment mixture used in our large flume exper-
iments (Van Dijk et al., 2012, 2013b; van de Lageweg
et al., 2013a).

4. DISCUSSION

4.1. Experimental design to represent nat-
ural rivers

We presented a combination of theoretical and em-
pirical designs for river and delta experiments. The
theoretical design is based on classical similarity scal-
ing and the empirical design on a set of experiments
that can be conducted quickly and cheaply to explore
sediment behaviour on bank erosion in the Friedkin
setup and on channelisation and floodplain forma-
tion in the Delta setup and the stream table so that
the large-scale experiments can be conducted more
efficiently.

We compared behaviour of materials used in
the literature, including poorly sorted sediment, silt,
clay, alfalfa and a polymer. It turns out that aggrad-
ing delta environments are less sensitive to materi-
als with a large threshold for erosion, particularly
the polymer. However, river environments in dy-
namic equilibrium require a more subtle mode of
floodplain building, which can be done by silt, light-
weight sediment, alfalfa and combinations thereof.
On the other hand, materials used here for the fluvial
experiments could also fruitfully be used for delta
experiments in the future and would perhaps lead
to enhanced floodplain formation in deltas. Further-
more, there are opportunities for cross-fertilisation
with other fields that employ experiments with mo-
bile sediments, including coastal wave-driven sed-
iment transport (Hassan and Ribberink, 2005), de-
bris flows (e.g. Goujon et al., 2007; D’Agostino et al.,
2010; Iverson et al., 2010), turbidites (e.g. Postma
et al., 2009; Eggenhuisen and McCaffrey, 2012), tidal
experiments (e.g. Tambroni et al., 2005; Stefanon
et al., 2010; Kleinhans et al., 2012) and planetary ex-
periments with sediment flows, surface runoff and
groundwater outflow (e.g. Kraal et al., 2008; de Vil-
liers et al., 2013; Marra et al., 2014).

The most important characteristics of natural
rivers are that the sediment has to be mobile, the
channel bed sediment must be cohesionless and on
average coarse enough for hydraulically rough con-
ditions, and flow must be subcritical. Furthermore
the erodibility of the banks and the resulting width-
to-depth ratio determines natural bar pattern (Fig. 9).
These characteristics are also the most important ex-
perimental design criteria. Most experiments listed
in Table 1 fulfill these criteria, except those with the
finest bed material. A striking result is that most
experiments have dominantly bedload transport for

sandy sediment, whereas natural rivers with sand as
bed material are usually dominated by suspended
bed-material transport. Thus, most experiments to
date represent gravel-bed rivers in nature, whereas
experimental reproduction of suspension-dominated
sand-bed rivers remains a challenge. Perhaps the use
of light-weight sediments coarse enough to prevent
hydraulically smooth conditions and cohesion can be
of use.

4.2. Interpretation of experimental scales

Given a spatial scale of an experiment designed ac-
cording to the rules of the similarity scaling proce-
dure, a morphological time scale can be calculated
directly from a relevant sediment transport rate and
a control volume that is eroded or deposited. For
our experiments and analogue models that violate
similarity scaling rules this time scale approach is
still valid because the sediment transport rate liter-
ally determines how fast a certain volume is filled or
removed. However, the process of bank erosion de-
pends on multiple variables including geo-technical
properties. This raises the question how the char-
acteristic time scale of channel migration and bend
formation a river pattern experiment should be de-
termined, and what it actually represents.

We compared experimental bend migration rates
normalised with channel width to typical values
found in nature. Typical bank erosion rates in the ex-
periments were of the order of 1 cm/hr, or about one
channel width per 8 floods (Van Dijk et al., 2013b).
Apparently, the experimental channel migration is
relatively faster than in nature. In itself this is not
entirely surprising because experimental rivers are
always in the formative flood condition, so a cor-
rection of the data with an appropriate flood inter-
mittency could perhaps correct the bias. To esti-
mate the morphological time scale, a control volume
of eroded sediment was calculated from the aver-
age water depth near the outer banks and the sur-
face area of the area eroded by one bend with the
maximum erosion length of one width. This volume,
eroded over a certain amount of time, was compared
to the sediment transport feed rate of the experi-
ment. We found that migrating bends reworked a
surprisingly large amount of sediment: more than
four times the sediment feed rate (Van Dijk et al.,
2012). This agrees with values found in the Friedkin
experiments, where no sediment was fed upstream.

At the moment the cause of the relatively large
local sediment transport rate in eroding bends is not
fully understood. Higher transport rates near the
banks are expected to some extent because flow shear
stress is larger than average near the outer banks and
transport is enhanced by the bank slope. On the
other hand, the banks are stronger than the loose bed
sediment. Perhaps the high transport rate is due to
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an experimental scaling issue where banks in exper-
iments are weaker than in natural rivers relative to
the shear stress of the outer bank flow, but perhaps
the sediment displacement rate by bend migration in
nature is also much larger than the typical average
sediment transport rates in the channel.

Tentatively, we define an approximate time scale
characteristic of bend migration over which a bend
migrates on average one channel width. Here we
compare the experiment of Van Dijk et al. (2012) to
the Allier river in France and the Rhine River near
the Dutch-German border, which are both morpho-
logically similar to the experiment in the sense that
the dominant mode of sediment transport is bed-
load and the pattern is meandering with chute cut-
offs. When compared to the Allier River, the experi-
ment represents decades and when compared to the
Rhine river it represents centuries. Rivers of other
sizes would have different time scales depending on
their dimensions, sinuosity and on general flood-
plain properties that determine bank strength.

4.3. Scale-dependence or independence?

The use of experiments to study fluvial and deltaic
patterns has been eloquently defended elsewhere
(Paola et al., 2009) and our results in small-scale
flumes show that scaling rules from engineering may
be violated with usable results for the purpose of
studying the patterns if direct comparison to a par-
ticular prototype is not the aim.

Paola et al. (2009) argued that experiments of flu-
vial and deltaic patterns show similar morphology
and dynamics as their counterparts in nature, be-
cause these patterns are scale-independent. We fur-

ther assume in agreement with Paola et al. (2009)
and others that appropriate experimental morpho-
dynamics automatically lead to appropriate stratig-
raphy. This assumption is based on the scale-
independence of the transverse bed slope predictor
(Eq. 20, Van Dijk et al. (2012)) which determines
the angle of lateral accretion surfaces and the scour
depth of pools. Following Paola and Borgman (1991)
the deepest scours determine the set thickness statis-
tics, and our experiments corroborated this hypoth-
esis for meandering rivers (van de Lageweg et al.,
2013a). We found that transverse bed slopes in the
experiments agree very well with theory (Eq. 20,
Van Dijk et al. (2012)) and have values similar to the
targeted prototype rivers (Fig. 10). Such results in-
dicate that scale problems of river and delta models
may be less problematic than anticipated in the engi-
neering literature.

There is further evidence for scale-independence
in field data of natural equilibrium rivers with var-
ious patterns (Kleinhans and van den Berg, 2011).
Three bar patterns associated with increasingly
larger width-to-depth ratios are compared in Fig. 11.
The data shows that similar patterns occur in rivers
with discharge varying more than three orders of
magnitude. For example, rivers with scroll bars and
chute cutoffs and formed experimentally in Van Dijk
et al. (2012) scale with those for mean annual flood
discharges ranging from 20–30,000 m3/s. The ratio
of discharge of the largest and smallest rivers in the
dataset is as large as the ratio of discharge of the
smallest river and the experiments with the same
pattern. In other words, similar river patterns are
observed for flow discharges differing seven orders
of magnitude.
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in B. Lateral accretion surfaces with measured transverse bed slopes agree with theory (Eq. 20).

The notion of scale-independence is supported
to some extent by comparison between experimental
data and theoretical predictions of bar lengths and
pattern. For example, bar length is well predicted
for the small-scale stream table experiments (Fig. 8).
However, it is sensitive to the assumed degree of sed-
iment transport nonlinearity, which is highly sensi-
tive to Shields mobility number for initiation of sed-
iment motion. Furthermore the width-to-depth ra-
tio of a laboratory river needs to be about 1.5 times
larger than in a natural river in order to develop the
same bar pattern. Clearly bars and channels can-
not be scaled down without a limit and the patterns
are not entirely scale-independent. In fact, most ex-
periments reported in literature (Table 1) have a dis-
charge, particle size and slope of similar magnitude.
This is not merely a compromise between the scale
effects and the maximum size of facilities that can
be handled by a few researchers, but is in fact near
the smallest scale above the threshold of motion for
medium sand that produces bars, channels and other

phenomena of interest.

Clearly, several thresholds exist beyond which the
scale-independence breaks down. The theoretical
analysis and the experiments show that these thresh-
olds include the transition from subcritical to super-
critical flow, the transition from hydraulic smooth to
rough bed, the initiation of sediment motion, and the
threshold for erosion of cohesive or vegetated banks.
Phenomena of interest in their own right arise when
these thresholds are not met, but when experiments
are designed on the right side of these thresholds,
many phenomena found in natural rivers and deltas
can be well represented in the experiments in a quan-
tifiable way. Our results show that experiments at
practically feasible scales can adhere to these relaxed
scaling rules and, in accordance with theory, seem to
behave as natural rivers. This implies that laboratory
rivers adhering to the relaxed scaling rules can fruit-
fully be used to explore fluvial morphodynamics and
stratigraphy and test theories.
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Figure 11: Cumulative distributions of mean annual flood discharge as a measure for the size of a river, showing that similar pat-
terns occur in rivers with discharge varying more than three orders of magnitude. Field data of natural equilibrium rivers
is filtered for bar pattern in three classes that all show evidence of lateral migration: A. Meandering rivers with scroll
bars. B. Meandering rivers with scroll and chute bars, and C. braided rivers (see Kleinhans and van den Berg, 2011, for
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5. CONCLUSIONS

We showed how a number of small laboratory se-
tups and protocols can be used efficiently to isolate
certain processes, determine their rates and tendency
to channelise or spread, assess potential scale effects
and identify the most likely successful settings for
expensive large-scale experiments. A wide range of
materials used in experiments reported in literature
were systematically compared.

Similarity scaling has worked well for rivers with
fixed banks and for braided gravel-bed rivers, but
cannot straightforwardly be applied when width
is a dependent parameter in self-formed channels.
Physics-based predictors of bar wavelength and
transverse bed slope are well applicable without ap-
parent scale problems. However, predicted bar wave-
length is sensitive to the assumed exponent in the
sediment transport dependence on flow velocity. Bar
wavelength can be measured accurately for the ex-
perimental conditions on a stream table. We found
no indications that the dimensions of experimen-
tal rivers and deltas were much distorted compared
to real world cases. Rather, the experimental sys-
tems have similar morphodynamics and stratigra-
phy as natural gravel systems, as long as three ‘re-
laxed’ scaling rules are adhered to: the sediment
has to be mobile, the flow has to be subcritical and
turbulent. Most experiments represent gravel-bed
rivers in nature, whereas experimental reproduction
of suspension-dominated sand-bed rivers remains a
challenge.

The tendency of a small-scale fluvial system to
form floodplains and erode banks depends to a large
extent on the properties of the sediment and pres-
ence of vegetation or other substances that enhance
bank strength. Traditional mechanical tests of mate-

rial strength do not yield reasonable results for ex-
perimental contexts. Vegetation roots strengthened
the banks depending on the seeding density and the
age of the vegetation. A slightly cohesive silt, sil-
ica flour, added controllable strength to banks of co-
hesionless sand depending on the volume concen-
tration with which it was mixed into the sand, or
depending on the layer thickness at which it was
deposited on top of the cohesionless sand. These
trends were well quantifiable in the efficient Fried-
kin bank erosion test, which showed significantly dif-
ferent erosion trends that were very sensitive to the
material composition of channel banks. The delta
deposition test indicated that sedimentation patterns
and dynamics differed dramatically between differ-
ent types of sediment with an increased channelisa-
tion tendency for more cohesive sediment mixtures.
Stream table fluvial experiments demonstrate that
there is a narrow range of conditions between no mo-
bility of bed or banks, and too much mobility.

The reviewed theory and results show that the
rivers and deltas created in the laboratory in land-
scape experiments seem to behave as natural rivers
when the experimental conditions adhere to the re-
laxed scaling rules identified in this paper, and
that required types of fluvio-deltaic morphodynam-
ics can be provoked by conditions and sediments se-
lected on the basis of a series of small-scale experi-
ments.
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