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ABSTRACT

Scour holes often form in shallow flows over sand on the beach and in mor-

phodynamic scale experiments of river reaches, deltas and estuarine land-

scapes. The scour holes are on average 2 cm deep and 5 cm long, regardless of

the flow depth and appear to occur under similar conditions as current ripples:

at low boundary Reynolds numbers, in fine sand and under relatively low sed-

iment mobility. In landscape experiments, where the flow is only about 1 cm

deep, such scours may be unrealistically large and have unnatural effects on

channel formation, bar pattern and stratigraphy. This study tests the hypothe-

ses that both scours and ripples occur in the same conditions and that the

roughness added by sediment saltation explains the difference between the

ripple–dune transition and the clear-water hydraulic smooth to rough transi-

tion. About 500 experiments are presented with a range of sediment types, sed-

iment mobility and obstructions to provoke scour holes, or removal thereof to

assess scour hole persistence. Most experiments confirm that ripples and scour

holes both form in the ripple stability field in two different bedform stability

diagrams. The experiments also show that scours can be provoked by perturba-

tions even below generalized sediment motion. Moreover, the hydraulic

smooth to rough transition modified with saltation roughness depending on

sediment mobility was similar in magnitude and in slope to ripple–dune tran-

sitions. Given uncertainties in saltation relations, the smooth to rough transi-

tions modified for movable beds are empirically equivalent to the ripple–dune
transitions. These results are in agreement with the hypothesis that scours

form by turbulence caused by localized flow separation under low boundary

Reynolds numbers, and do not form under generalized flow separation over

coarser particles and intense sediment saltation. Furthermore, this suggests

that ripples are a superposition of two independent forms: periodic bedforms

occurring in smooth and rough conditions plus aperiodic scours occurring

only in hydraulic smooth conditions.

Keywords Bedform stability, landscape experiments, ripples, scaling, scour
holes.

INTRODUCTION: PROBLEM DEFINITION
AND OBJECTIVE

Analogue experiments, landscape experiments
and scale experiments have frequently been

used to investigate fluvial and coastal morpho-
dynamics. Important benefits over field studies
are accessibility to materials, processes and sedi-
mentary products for identification and mea-
surement, and the compression of time. These
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experiments share with numerical models the
possibility of control on initial and boundary
conditions. On the other hand, by scaling down
entire river reaches and deltas to the laboratory,
scale problems and distortions arise. Water
depth is scaled down by 103 to 104 times, to
mere millimetres or a few centimetre, but it is
impossible to scale down particle size by the
same factor. These scale issues have been dis-
cussed extensively (Reynolds, 1887; Yalin, 1971;
Schumm et al., 1987; Peakall et al., 1996; Paola
et al., 2009; Kleinhans et al., 2014b).
A potentially problematic issue is the forma-

tion of aperiodic scour holes in relatively fine,
cohesionless sand; these can, for example, be
observed in small-scale ‘braided’ rivers draining
the beach as the tide falls. Ripples form in suffi-
ciently deep flow, but as the discharge reduces
the flow becomes shallower and ripples are flat-
tened. However, the scours remain. These scour
holes are about 1 to 2 cm deep, 2 to 5 cm wide
and 10 cm long, whilst typical flow depths are

also about 1 cm (Fig. 1; Kleinhans et al., 2014b).
Once initiated, a scour apparently causes flow
separation with sufficient turbulence to maintain
the scour depth, outcompeting upstream sedi-
ment supply to the scour and the direct effect of
gravity on sediment mobility on the scour side-
walls, which are near the angle of repose. Here,
flow separation includes vortex shedding, which
generates turbulence (Venditti et al., 2005b).
The scours occur not merely in zones of active
transport, such as the migrating channels, but
are also provoked by local irregularities and flow
confluences in zones where otherwise no or
hardly any transport occurs, such as channel
margins. However, they are not merely bridge
pier scours or confluence scours as found in
braided rivers (Ashmore & Parker, 1983) or
outer-bend scours in sharp meander bends
(Smith, 1998), both of which are forced by exter-
nal topography or constructions. The shallow-
flow scour holes of interest here form internally
as a result of local flow and sediment

Fig. 1. Tidal experiments with unwanted scour hole formation (left, reach in middle of estuary) or lack thereof
(right, entire estuary). White patches are reflections from overhead light. Experiments were conducted as part of
student theses (Leuven, 2014; Bartels, 2015). (See Kleinhans et al., 2014a,c, for similar experiments and informa-
tion on setup.)
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interaction; they are quite persistent and, in
landscape experiments, unnaturally large. For
example, confluences in an experimental tidal
network (Stefanon et al., 2010) triggered scour
holes of unprecedented depth in nature. These
experiments were a breakthrough in tidal sys-
tems studies, but to what degree the channel
network was affected or even fixated by the
scours remains unclear. In the experimental
stratigraphic records in Sheets et al. (2002) that
were used in many subsequent analyses of
stratigraphy, interpreted channel deposits were
of a similar size as scours. Here, scours may
have modified the morphology and stratigraphy
but to what degree this affects the generalized
conclusions about the set statistics in the stratig-
raphy is as yet unclear. These scours have no
large-scale equivalent; for instance an active
meandering river that is 1000 times larger than
the experimental river would not have scour
holes with flow separation of 20 m deep and
50 m wide in the middle of the typical point bar
(van Dijk et al., 2013; Kleinhans et al., 2014b).
However, the concern here is that such scours
in river and tidal experiments do not merely dis-
figure local morphology, but modify bar dynam-
ics and stratigraphy and fixate the channel
network at the much larger spatial scale. For
landscape experiments with such shallow flows
that periodic ripples are suppressed and aperi-
odic scour holes are unwanted, an important
question is how to avoid such scours.
Ripples and shallow-flow scours are not

always problematic: it can be convenient for
scale experiments of channel reaches to have
ripples rather than dunes. As dunes tend to
have much higher dune height to water depth
ratios in laboratory conditions, scaling hydraulic
roughness is challenging, whereas ripple dimen-
sions conveniently do not scale with water
depth in subcritical flow. In fact, ripples hardly
scale with flow conditions (Baas, 1999): once in
equilibrium, they have constant dimensions
regardless the particle size, flow conditions and
geometric scale number of the experiments. In
bends, over-large dunes may strongly modify the
secondary flow patterns and resulting bar mor-
phology (e.g. Blanckaert et al., 2012), whereas
ripples would provide better control whilst
allowing higher sediment mobility than in coar-
ser sediment with dunes (Crosato et al., 2012).
Clearly, the tendency to form scours and rip-

ples is important for various types of experi-
ments, and a better understanding of the
formation of scours is needed not only to be able

to avoid them but also for experiments where
ripples are wanted. There is evidence that rip-
ples form as a result of multiple processes, and
in relation to scale dependence of the mecha-
nisms there has been debate for decades about
the possibly different scaling natures for ripples
and dunes (Southard, 1971; Leeder, 1980; Ben-
nett & Best, 1996; Coleman & Nikora, 2011).
These processes include the dynamics of the
viscous sublayer, interaction between near-bed
turbulence and mobile sediment, formation of
bed defects or seed waves, and the onset of flow
separation. These factors have to some degree
been isolated: it is known how moving sediment
affects the viscous sublayer in low-mobility
(Best et al., 1997) and in the high-mobility sheet
flow regimes (Bennett et al., 1998), and it is
known how periodic seed waves and bed
defects develop (Coleman & Melville, 1996; Ven-
ditti et al., 2005b), but there is no current under-
standing of how scour holes form and self-
maintain. Unravelling how multiple processes
combine and interact to form ripples is compli-
cated by the fact that the length scale of the seed
waves is similar to that of the scours and ripples
(Coleman & Melville, 1996; Coleman & Nikora,
2011).
Experiments with flows that are too shallow

for ripples but do form scours provide the
opportunity to isolate a subset of these processes
and additionally gain understanding of the for-
mative conditions of scour holes. The objectives
of this study are therefore to experimentally
determine under which conditions of flow, par-
ticle size and sediment mobility the shallow-
flow scours occur, in order to test whether the
scours are associated with the hydraulic smooth
and transitional regimes and the ripple–dune
transition, and whether their occurrence is
affected by mobile sediment. Pending a thor-
ough empirical and theoretical basis, this work-
ing hypothesis is that the scour phenomenon is
related to the hydraulic smooth to rough transi-
tion, but is significantly affected by moving sedi-
ment.
To this end, the nature of these scours is

explored here by using a combination of new
data and analysis with literature on turbulence
and boundary layer flow, bedform initiation and
stability across the ripple–dune threshold, and
saltation of bed sediment. In the following sec-
tions, the important pieces of the puzzle are
combined: observations from the literature of
how workers obtained scours or managed to
avoid them, measurements of equilibrium
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bedform stability, usually based on many experi-
ments, studies investigating the turbulence char-
acteristics at the ripple–dune transition and
effects of sediment transport on near-bed flow,
in particular the viscous sublayer. Following
review, a predictor is developed from existing
theory for the transition from hydraulic smooth
to rough conditions affected by particle salta-
tion. The modified hydraulic smooth to rough
transition is compared to replotted ripple–dune
transitions from two well-supported and fre-
quently used stability diagrams. Then, over 500
small experiments are presented in similar con-
ditions as in analogue and landscape experi-
ments for a wide range of sediments, and with a
provocation method to explore the tendency to
form and persist scours. Finally, implications
for ripples are discussed and effects of poorly
sorted sediments on the smooth to rough transi-
tion are explored, and recommendations are
given on how to obtain or avoid ripples and
shallow-flow scours.

HYPOTHESIS AND THEORY
DEVELOPMENT

Suggested relations between scours, ripples
and the hydraulic smooth to rough transition

The leading hypothesis for the initiation of
scour holes is that they form by flow separation
and vortex shedding at a local perturbation
when the greater part of the mobile bed bound-
ary is hydraulically smooth, which is the case
when the particles are embedded in the viscous
sublayer (Schlichting, 1968; Best, 1996; Bennett
et al., 1998; Coleman & Nikora, 2011). Turbu-
lence forms random perturbations that grow into
seed waves of a few particles high (Best, 1996;
Coleman & Melville, 1996). The self-generated
turbulence by the separated flow in the scour
hole then maintains it but the flow apparently
reattaches and reforms a boundary layer on the
smooth bed. This result contrasts with rough
beds where turbulence is generated at the
boundary. Note, however, that the hydraulic
smooth to rough transition has been defined on
the basis of clear-water experiments without
moving sediments, and modification of the near-
bed flow by moving sediment is significant (Best
et al., 1997; Bennett et al., 1998).
Four different practices reported in literature

had some success in avoiding scours, and thus
indicate a relation of scour formation with

moving sediment and bed roughness. Firstly,
some experimenters used sand coarser than
0�4 mm and accept the low mobility as repre-
senting gravel-bed systems (Tal & Paola, 2010).
Secondly, others used fine sediments at rela-
tively high mobility (Davies & Korup, 2007) so
that the moving sediment somehow suppressed
scouring. As a third alternative, Peakall et al.
(2007) had hydraulically rough conditions
despite the D50 being only 0�21 mm. The proba-
ble reason for this hydraulic behaviour is that
the D90 was nearly 2 mm, and Peakall et al.
(1996) argued that the Reynolds particle number
(defined later) should be calculated with the D90

rather than the D50. In other words, for poorly
sorted sediment the bed is hydraulically rough
because of the high roughness length related to
the D90, whilst the sediment is conveniently
mobile because that is related to the median par-
ticle size. Based on this suggestion, Kleinhans
et al. (2014b) successfully used poorly sorted
sand with a significant fraction larger than
0�5 mm. The fourth practice has been to use
granular material much coarser than 0�5 mm but
with a low density to obtain the required high
mobility (Struiksma & Klaassen, 1986; Stefanon
et al., 2010; Kleinhans et al., 2014a). Indeed,
Tambroni et al. (2005) used well-sorted crushed
nutshell of 0�3 mm diameter and obtained rip-
ples throughout the experiment. Although these
authors suggest that these scale with megarip-
ples observed in natural estuaries, the combina-
tion of the low mobility and particle size
suggests that they were unwanted current rip-
ples in the hydraulic smooth regime. However,
Stefanon et al. (2010) used uniform 0�8 mm
polystyrene but, surprisingly, obtained morphol-
ogy dominated by the typical scour holes associ-
ated with hydraulically smooth conditions,
perhaps because the flow was smooth during
most of the tidal cycle.
The above experimental practices to prevent

the scour holes suggest that the phenomenon of
scouring is related to that of current ripples and
disappears with increasing sediment size,
increasing skin friction, increasing near-bed flow
turbulence and increasing sediment mobility. It
has frequently been observed that the hydraulic
smooth to rough transition overlaps with the
narrow transition from ripples to dunes (Baas,
1994; Bennett & Best, 1996; Venditti et al.,
2005b; Schindler & Robert, 2006). Furthermore,
a well-known analogous transition is that for
settling in still water of fine and coarse sand,
where the drag on coarse sand is affected by the
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vortex shedding by the particles (Swamee &
Ojha, 1991). Seminal works in the previous cen-
tury culminated in carefully induced bedform
stability diagrams (Southard & Boguchwal, 1990;
van den Berg & van Gelder, 1993). Recent stud-
ies of the ripple–dune transition, initiation of
bed defects and superposition of bedform types
indicates that the complex interactions of turbu-
lent flow and well-sorted granular media are far
from completely understood (Best, 1996; Bennett
et al., 1998; Vendetti et al., 2005; Venditti et al.,
2006).

Comparison of ripple–dune transitions in
bedform stability diagrams

In the second half of the previous century, work-
ers developed empirical-phase diagrams on the
basis of experiments that show the flow regimes
and sediment properties in which equilibrium
bed states, such as ripples and dunes, are stable
(Southard & Boguchwal, 1990; van den Berg &
van Gelder, 1993). Such diagrams are useful for
two purposes: for assessing the likely bed states
in roughly known flow conditions and sediment
composition, and to reconstruct the flow condi-
tions from known bed state or sedimentary
structures in palaeoterrestrial and extraterrestrial
environments. Phase diagrams of bed states thus
provide a high-altitude view of bed states and
the conditions in which these occur, which is
what is needed here, but the diagrams are not
intended to replace more detailed models for
bedform dimensions and dynamics. The focus
here is on the ripple–dune transition and uses
the empirically well-supported transitions from
some well-known bedform stability diagrams.
The transition from ripples to dunes has been
debated in the literature, because transitional
forms were observed and superposition of rip-
ples on dunes and dunes on dunes (e.g. Ashley,
1990; ten Brinke et al., 1999; Venditti et al.,
2005a, 2006; Kleinhans et al., 2007). Conse-
quently, the lines separating the stability fields
of ripples and dunes indicate a transition zone
rather than a threshold. However, superposition
is not important in small-scale landscape experi-
ments.
Seven variables are required to characterize

bed states in cohesionless sediment of uniform
density and subspherical shape (see Appendix
for explanation and well-known equations).
Four variables are needed for the flow: water
depth, current velocity, and density and visco-
sity, which slightly depend on temperature and

sediment concentration. The sediment is charac-
terized by median grain diameter, the 84th or
90th percentile of the particle size distribution,
and density. Because the transition between rip-
ples and dunes, of interest in this paper, is
somewhat sensitive to temperature effects, this
is taken into account (see Appendix). Further
assumptions are approximately logarithmical
distributions of sediment sizes, constant hydro-
dynamic conditions and large water depth (rela-
tive to grain size).
Van den Berg & van Gelder (1993) distin-

guished the same bed states as Southard &
Boguchwal (1990). For the purpose of compar-
ison, the lines of the Southard diagram were
digitized and plotted in the D*, h0 space (see
Appendix) by assuming the average water depth
of the given range and a k0

s ¼ 2�5D50. Plotted
thus (Fig. 2A), the diagrams of Southard for the
different water depths are nearly the same for
the ripple–dune transition, close at the begin-
ning of motion. There are differences in the
dune to upper-stage plane bed (USPB) transition
but this is not the focus of the present paper.
The comparability suggests that plotting the

Southard diagram with the Shields number
related to skin friction adequately collapses the
results for different water depths, except for
dunes that are known to differ strongly in height
relative to water depth between experiments and
the field. Moreover, the diagrams of van den Berg
and Southard show striking similarities (Fig. 2A),
particularly in the position and shape of the tran-
sition between the ripple and dune fields and rip-
ples to USPB. To some degree this should come
as no surprise because there is overlap in the data
sets used for the two diagrams. Furthermore, the
triple point of beginning of motion and ripple–
dune transition is a ‘confusing region of transi-
tion’ (Southard & Boguchwal, 1973) with very
large morphological timescales meaning long
experimental waiting times. This region can fur-
ther be ignored for the present purposes.
Furthermore, a physics-based relation for the

beginning of sediment motion was plotted (Voll-
mer & Kleinhans, 2007; see Appendix; Fig. 2).
Here, near-bed turbulence and the dampening
effect of the buffer layer causes the well-known
dip in the Shields curve near the ripple–dune
transition, supporting the idea that the ripple–
dune transition is related to the hydraulic
smooth to rough transition which also occurs
where the buffer layer just about dampens near-
bed turbulence production, as plotted on the
Shields diagram by Garcia (2000). Next the
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smooth to rough transition will be compared to
the ripple–dune transition and the effect of
added bed roughness due to particle saltation
will be assessed.

Hydraulic smooth to rough transition

The current image of the viscous sublayer is
based on time-averaged measurements above
smooth walls, where a linear velocity profile has
been observed that grades into the logarithmic,
K�arm�an-Prandtl law of the wall, the log-layer,
where the transition is often called the buffer
layer (Schlichting, 1968; Bennett et al., 1998).
The process underlying the change in behaviour
from smooth to rough beds is flow separation.
Because this process is still the subject of active
research, the present study will proceed from a
simplified image on the basis of the above review
and Best (1996), as follows. At a rough wall with
particles emerging from the viscous sublayer,
minute vortices are shed from all roughness

elements, whereas at a smooth wall with parti-
cles well submerged in the viscous sublayer such
turbulence generation does not occur except at
perturbations. Also along the crests of ripples,
downstream of the reattachment zone of the sep-
arated flow, the bed is thought to be smooth or
transitional but not rough.
This image suggests that in order to obtain a

fully rough sediment bed, there need to be suffi-
cient close-spaced perturbations. This under-
standing has long been applied by artificially
roughening air foils, golf balls and so on to sup-
press flow separation. Specifically, localized
roughness elements higher than the viscous
sublayer cause localized flow separation. Flow
separation, in turn, is then suggested to lead to
self-maintaining scour holes and ripples with
large separation cells. Such roughness elements
include seed waves and other perturbations
(Southard & Dingler, 1971; Coleman & Melville,
1996; Venditti et al., 2005b). In mobile sediment
in laminar flow, bedforms initiate from self-

Fig. 2. Empirical bedform stability fields and semi-empirical transitions from hydraulic smooth to rough beds.
(A) The similar diagrams of van den Berg & van Gelder (1993) and Southard & Boguchwal (1990) for three water
depths are shown with the four main stability fields ‘no motion’, upper-stage plane bed (USPB), ripples and dunes
indicated. The Soulsby (1997) ‘Shields curve’ for generalized sediment motion is close to the lower lines of the
empirical stability diagrams. (B) Transitions from hydraulic smooth to rough boundaries compared to the empiri-
cal ripple–dune transitions. The three lines for different Re�D bracket the empirical smooth to rough transitions
for clear-water flow. For the line Re�D ¼ 11�63, the limited effect of added viscosity by bedload concentration is
shown. Effects of added roughness by the saltation layer are shown in bold for the van Rijn (1984a) and Bridge &
Bennett (1992) models, combined with the added viscosity effect, which is insignificant.
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formed defects or wavelets that, when large
enough, start to cause flow separation (Venditti
et al., 2005b). Once flow separation sets in, the
enhanced turbulence may cause more sediment
transport, trough and scour formation and bed-
form growth. However, also below the threshold
for motion, scour can be initiated: Southard &
Dingler (1971) empirically found an inverse rela-
tion between shear stress and the required
mound height for ripple initiation, suggesting
that in fine sand flow separation is localized at
bedform crests of sufficient amplitude, where
self-maintaining scours may then form in con-
junction with the wavelets to form ripples. On
the other hand, coarse sand and poorly sorted
medium sand foregoes the existence of a viscous
sublayer by causing ubiquitous flow separation
at a small scale, which acts effectively as a sepa-
ration inhibitor in a similar manner to the rough
surface on air foils and golf balls (Leeder, 1980).
Generally, ubiquitous roughness elements, such
as wavelets and large particles, cause general-
ized small-scale flow separation with enhanced
overall turbulence, which suppresses large sepa-
ration cells with self-maintaining scour holes
and ripples.
The transition from a hydraulically smooth

bed to a rough bed occurs where the viscous
sublayer is suppressed. The thickness of the
sublayer has been derived in the past from a
transition in the clear-water velocity profile over
a smooth boundary: the flow in the viscous sub-
layer is about laminar with a linear velocity pro-
file, whereas that in the turbulent boundary
layer above it has a logarithmic distribution (see
Schlichting, 1968, for theory). The transition
takes place over some distance, but the fitted
linear and logarithmic velocity profiles intersect
at boundary Reynolds number Re* = 11�63,
where:

Re� ¼ u�ks
m

ð1Þ

in which u� ¼
ffiffiffiffiffiffiffiffi
s=q

p
, shear velocity and ks is the

height of the roughness elements, such as parti-
cles, wavelets, scour holes or other perturba-
tions. On average, the viscous sublayer
thickness (m) in clear water is given as

d � mRe�
u�

ð2Þ

For typical conditions and sediments at the
beginning of motion d � 0�8 mm for

Re� ¼ 11�63 and hc ¼ 0�02, and d � 0�5 mm for
hc ¼ 0�04. However, in reality the layer thick-
ness fluctuates due to turbulence in the flow
over it. A buffer layer is observed between
5 < Re* < 30 and, more conservatively,
3�5\Re�\70. This layer covers the range
where the flow is neither linearly nor logarith-
mically varying with elevation above the
boundary, and empirical relations are used for
this range (Nezu & Azuma, 2014). This range
also coincides with the ‘low’ in the Shields
curve (Zanke, 2003; Vollmer & Kleinhans,
2007). So, for flow separation with vortex
shedding and near-bed resulting turbulence to
occur requires bed roughness lengths to be lar-
ger than d. The question is then what the
appropriate boundary Reynolds number is.
The transition from smooth to rough can be

plotted in the Shields–Bonnefille number space
(see Appendix) assuming a value for the
boundary Reynolds number Re�sr and D50 as
roughness length. Eqs 1 and 18 are now com-
bined as:

hsr ¼ mRe�sr
ks

� �2 q
ðqs � qÞgD50

ð3Þ

The three lines for Re�sr ¼ ½5; 11�63; 30� bracket a
wider transition from smooth to rough than
where the transition from ripples to dunes is
empirically found to be (Fig. 2B). A line at
Re�sr � 5 is closest to the empirical transitions in
the bedform stability diagrams (Kleinhans,
2005a,b). This agrees with other observations that
the onset of flow separation occurs at Re�sr [ 4�5
(Williams & Kemp 1971, in Best, 1996; Venditti
et al., 2005b). This result may mean that for flow
over sediments the Re�sr ¼ 11�63 criterion is
overly strict or that the actual bed roughness is
higher than the D50. However, not only the mag-
nitude is incorrect, but additionally the smooth
to rough transition is steeper than the ripple–
dune transitions. Furthermore, there is a kink in
the ripple–dune transitions at intermediate
mobility that does not occur in the smooth to
rough transition. The transition will now be
modified for movable beds.

Modified hydraulic smooth to rough
transition for saltating sediment

The aforementioned differences between ripple–
dune transitions and the clear-water smooth to
rough transition could have a number of causes
that cannot easily be captured in a simple
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function, including the complex changes in the
turbulence field at the transition from ripples to
dunes, and the modification of the boundary
layer properties by the moving sediment (Best
et al., 1997; Bennett et al., 1998; Nezu & Azuma,
2014). Since the interest here is a type of experi-
ment where dunes will not occur due to the low
water depth, only the effects of saltating bed-
load sediment on the roughness ks and on the
viscosity m are explored to predict the effect of
saltation on the transition from smooth to rough
flow.
Detailed measurements of sediment-laden

flow show that flow velocity and turbulence
intensity in the buffer layer are increasingly
enhanced by coarser moving sediment relative
to clear-water flow (Best et al., 1997; Bennett
et al., 1998; Nezu & Azuma, 2014). This ten-
dency increases towards the bed at distances
smaller than 15u*/m, suggesting an upper value
for the transition range of Re�sr ¼ 15 rather
than 30 or even 70 for the definition of the
buffer layer. Effectively this flattens the velo-
city profile, which can also simplistically be
interpreted as a necessity to shift the theoreti-
cal profile upward by the added roughness.
Nezu & Azuma (2014) interprets the change of
velocity profile as a modification of the
K�arm�an constant as a function of sediment
concentration, but Bennett et al. (1998) argued
that modifications of the viscosity or roughness
length are empirically equally valid.
Viscosity increases when sediment is added

(e.g. Bennett et al., 1998) which can be
accounted for by constitutive relations for kine-
matic viscosity mc and flow density qc depending
on sediment concentration in the saltating bed-
load layer:

qc ¼ qþ C qs � qð Þ ð4Þ

and:

lc ¼ l 1þ 2�5C þ 6�25C2 þ 15�62C3
� � ð5Þ

where C [�] is the volumetric bedload concen-
tration estimated by the van Rijn (1984b) rela-
tion for reference concentration:

C ¼ 0�015D50

ks

h0 � hc
hc

� �1�5
D�0�3

� ð6Þ

Effective dynamic viscosity mc ¼ lc=qc increases
with concentration, so the effect is a decrease of
the actual Re�sr. A cumbersome plotting method

would then be to correct all data and shift it to
the left in the bedform stability diagrams with
h0 � D� space. Instead, the data are straightfor-
wardly plotted, but the function is corrected
before plotting by multiplying the right-hand
side of Eq. 1 with a factor mc=m, as shown in
Fig. 2. The effect of sediment concentration on
the Reynolds boundary number is surprisingly
small for the Re� ¼ 11�63 line, and the line
becomes a little steeper than the ripple–dune
transitions, which is the opposite of the required
correction. A correction of the K�arm�an constant
j, to be multiplied with the shear velocity, as a
function of concentration would have had a sim-
ilar small effect because j reduces only 5% for
the relevant concentration range (Nezu &
Azuma, 2014).
The second effect of saltating bedload on the

viscous sublayer thickness considered here is
adding roughness by the saltation layer. Fol-
lowing Bridge & Bennett (1992), roughness
length ks is assumed to equal the saltation
height plus the particle size, which can be
estimated as:

ks
D

¼ 2�53 h0 � hcð Þ0�5þ1 ð7Þ

where ks � D at the threshold for motion. As an
alternative, the saltation height function of van
Rijn (1984a) was applied:

ks
D

¼ 0�3 h0 � hc
hc

� �0�5
D0�7

� þ 1 ð8Þ

An independent piece of evidence supporting
the idea that saltation height adds roughness is
found in the case of gravity wave boundary lay-
ers in the coastal zone. Here, the movement of
particles on a flat bed has been found to increase
the effective roughness as a function of the
square root of mobility number, the same power
as in current-related bedload (eq. 3.6.10 in Niel-
sen, 1992):

ks
D

¼ 170
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h0 � hc

p
ð9Þ

However, the importance of saltation for the
problem herein is unique to subaqueous flows:
in wind the entire problem of this paper is irrel-
evant because here saltation jump length is
known to cause small wind ripples, whereas
saltation height is independent of the shear
velocity and orders of magnitude larger than the
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laminar sublayer (Rasmussen et al., 2015), sug-
gesting that in flows more viscous than water
the saltation roughness may differ, which is per-
haps relevant for future interpretations of land-
scape experiments with laminar flow. Whether
this means that scour holes such as those stud-
ied here cannot occur in air or other planetary
atmospheres is beyond the scope of this paper.
Saltation height in water increases with

Shields number, so the effect is an increase of
the actual Re�sr; this is plotted in the bedform
stability diagrams with h0 � D� space using
Eq. 3, and for input, and by multiplication of
1/2�5 to correct for the fact that Eq. 3 assumes
ks ¼ D50 whereas the saltation relations should
use ks ¼ 2�5D50 or a higher percentile of the
particle size distribution. The smooth to rough
transition is corrected for plotting by multiply-
ing the right-hand side of Eq. 1 with D=ks.
The effect of saltation on the modification of
the smooth to rough transition is large, as
shown in Fig. 2 for the Re� ¼ 11�63 line. As a
result, the transitions calculated with the
Bridge and the van Rijn relations bracket the
empirical lines from the bedform stability dia-
grams. The considerable difference between the
two different saltation models reflects the
uncertainty of bedload sediment transport pre-
diction. Given this uncertainty, these findings
are not at odds with the observations by Nezu
& Azuma (2014) that the depth below which
sediment–flow interactions are most significant
commences at Re� ¼ 15, whilst frequently cited
upper limits for hydraulically rough flow of
Re� ¼ 30 or even Re� ¼ 70 are overly conserva-
tive.
From the above, it must be concluded that the

hydraulic smooth to rough transition modified
with saltation is empirically the same as the rip-
ple–dune transitions in the bedform stability
diagrams, which is more due to the uncertainty
in saltation height than due to the uncertainty
in the ripple–dune transition. Despite the uncer-
tainty, the modified transition is considerably
better matched to the ripple–dune transition
than the clear-water smooth to rough transition.
The remainder of the paper therefore labours
under the assumption that the ripple–dune tran-
sition and the modified smooth to rough transi-
tion, including roughness by saltating particles,
have the same cause. To test whether scour
holes do not occur above these transitions, new
experiments are presented in conditions similar
to those in landscape experiments in the next
section.

SCOUR EXPERIMENTS IN A RANGE OF
SEDIMENTS

Methods and materials

The experiments were done in a similar way to
those in Southard & Dingler (1971) and Venditti
et al. (2005b), starting in every case from a plane
bed of homogenized sediment. The bed was
screed as smooth as possible and perturbed to
possibly initiate scour and ripple formation.
With the large spatial variation in shear stress in
landscape experiments in mind, conditions need
to be included well below the beginning of sedi-
ment motion; this requires a hard perturbation
to cause flow separation and turbulence, rather
than a soft one as in Venditti et al. (2005b). To
this end, scour was provoked by a cylindrical,
emergent object placed vertically in the sedi-
ment and studied whether, after removal, the
scour caused by it was self-maintained.
The experiments were done in a straight flume

0�4 m wide with controllable discharge that was
measured. In all sets of experiments, a sediment
bed about 2 m long and 5 cm thick was
installed. The beds were exposed to a range of
flow discharges with depths of a few centimetres
(measured by ruler) to bracket sediment mobility
from well below to well above motion. Critical
and supercritical flow conditions were excluded
from the analysis. The Shields sediment mobi-
lity number varied between 0�007 and 0�67.
Water temperature ranged between 11°C and
15°C.
Experiments were conducted with a range of

readily available sediment mixtures (Table 1;
Fig. 3) used in experiments published else-
where, from well-sorted fine beach sand to
poorly sorted river sands with median diameters
ranging between 0�19 mm and 0�46 mm and D90

up to 1�40 mm. All sediments were cohesion-
less. To test the effects of sorting, variations on
the poorly sorted river sediment (‘river1’) were
made: the coarsest sediment was sieved out
(‘river2’), and a sediment (‘river0’) was newly
mixed where also the finest sediment is absent.
The ‘river0’ sediment is more angular and from
a different source.
Furthermore, typical low-density sediments

with median diameters ranging between 0�57
mm and 2�05 mm and with densities from 1055
to 1300 kg m�3 were included that are used in
landscape experiments; this included crushed
walnut shell that has been used in the past for
scale models, and polystyrene particles used at
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the BundesAnstalt f€ur Gew€asserkunde, both
well-sorted. Well-sorted polymer sediments
were used here, as well as a poorly sorted sedi-
ment successfully used in Marra et al. (2014)
that was composed from the well-sorted sedi-
ments. Furthermore, experiments were con-
ducted with a poorly sorted sediment
(‘lightmix2’) with a similar size distribution as
the ‘river2’ sand.
Visual observations and interventions were

made in the middle of the bed, as far as possible
from the boundaries. The tendency to form

scours was firstly studied by observing whether
sediment was mobile and scours formed in shal-
low flow or whether incipient ripples formed in
somewhat deeper flow. The response to inter-
ventions was studied: scours usually formed
when an emergent cylindrical obstacle was
placed in the bed, even when the sediment bed
was just about static, and after removal it was
observed whether the scour disappeared or con-
tinued to exist. Equilibrium of the ripple fields
was not pursued, which would have taken much
more time, because in the authors’ experience

Table 1. Sediments used in the more than 500 experiments. See Fig. 3 for particle size distributions. References
indicate in which of the present experiments these sediments were used before.

Name n D* D50 (mm) D90 (mm) qs (kg m�3) Depth (cm)
Discharge
(m3 h�1) Source experiments

River0 30 11�1 0�46 1�15 2650 4�0 1�6–42�5 na
River1 86 10�9 0�42 1�40 2650 3�1–12�0 3�5–40�1 van Dijk et al. (2012)
River2 40 10�0 0�46 1�11 2650 2�8–7�8 6�4–42�1 van Dijk et al. (2013)
Fine skew 27 6�5 0�27 0�69 2650 2�5–6�3 5�6–34�1 na
Beach 36 4�9 0�19 0�29 2650 0�6–1�1 0�9–23�3 van Dijk et al. (2012)
Nutshell 21 20�3 1�49 1�70 1300 4�0 2�6–21�5 na
Polystyrene 42 15�6 2�05 2�66 1055 5�0 3�0–10�0 Kleinhans et al. (2014a)
Light1 20 18�3 1�40 1�70 1200 4�2 0�7–18�0 na
Light1�5 36 12�6 1�02 1�29 1200 5�0 3�0–14�8 na
Light2 54 11�7 0�71 0�92 1200 4�0–9�5 5�4–36�0 na
Light3 48 7�1 0�58 0�68 1200 4�9 2�9–13�5 na
Lightmix1 43 6�5 0�57 1�15 1200 4–10�5 5�3–30�0 Marra et al. (2014)
Lightmix2 55 12�6 1�09 1�36 1200 5�0 3�1–15�0 na

Fig. 3. Cumulative particle size distributions of the used sediments. See Table 1 for other sediment properties.
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and in the paraphrased words of Bagnold ‘ripples
spread like a disease’ and persist once they initi-
ate. The bed was photographed in some experi-
ments for all sediments. Five classes of behaviour
were observed and noted: no (generalized) sedi-
ment motion (‘nomotion’ in the figure legends),
sediment motion over a planar bed (‘noscours’),
which can be low and high intensity, self-forming
ripples or scours without provocation (‘ripples’),
and for provoked scours whether they continued
to exist (‘provstay’) or filled in (‘provfill’).
Care was taken to continue the observations in

low-mobility conditions long enough for mor-
phological change to occur. Experiments were
terminated when bedforms triggered by the
upstream sand bed ramp arrived at the test sec-
tion. Consequently, some experiments that
might have developed self-maintained scours
and ripples when given enough time now plot
as no ripples, which may also cause some of the
scatter. The distinction between the classes
‘provstay’ and ‘provfill’ was difficult and subjec-
tive for the lowest mobilities, but as the focus is
on the transition in somewhat higher mobilities
this does not affect the main conclusions of the
paper. Finally, given that experiments for differ-
ent sediments were done by different authors
and that visibility of the scours varied with sedi-
ment type, there is bound to be some subjecti-
vity in this classification, which possibly causes
some scatter or outliers.

Results

All sediments near the beginning of motion
formed scours when provoked with an obstacle
(Fig. 4). Provoked scours had shapes typical for
scour around cylinders with rapid deepening

upstream of the obstacle and more gradual shal-
lowing downstream of the obstacle. The scoured
sediment formed a deposit further downstream
that sometimes had a spur and often had a down-
stream-facing slipface. Measured dimensions of
the scours are as expected from observations in
landscape experiments (Fig. 5), with depths of
about 1 to 2 cm, widths of 2 to 8 cm and lengths
of 5 to 10 cm and no discernable relation with
sediment type or mobility. Obstacle diameter had
a minor effect: scour holes provoked by larger
obstacles were a bit more pronounced (Fig. 6).
The majority of the observed bed states, here

including the scours, plot in the correct stability
field (Fig. 7). The correct plotting of the ‘no
motion’ conditions supports that the experi-
ments and data reduction were done correctly.
The scatter at the smooth to rough transition is
about a factor two. A few provoked scours also
plot in the no motion field due to sediment
entrainment by the local turbulence caused by
the obstacle and observed as sediment transport
events. Ripples and scours scatter somewhat
over the smooth–rough boundary. In some
experiments, removal of the obstacle led to fill-
ing of the scour over time, without forming
other scours (Fig. 8), whilst in other experiments
the scours continued to exist and sometimes
caused ripple formation. Of the provoked
scours, nearly all that continued to exist after
obstacle removal plot below the modified
smooth–rough criteria including saltation effects
on roughness (Fig. 9).
Some observations plot in the wrong stability

field for reasons explained below. Some self-
formed scours plot above the smooth–rough cri-
teria. In all cases except for the river0 sediment
discussed below, the mismatch occurs for the

Fig. 4. Similar scour holes in a range of sediments provoked by an obstacle. Sediment density and median parti-
cle size are indicated. White patches are reflections from overhead light.
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same type of low-density sediment. This result is
in agreement with observations in Marra et al.
(2014) of a tendency to form surprisingly deep
scours in run-off channels, particularly in the
bends where flow separation caused additional
turbulence. The cause of this unexpected beha-
viour in this type of sediment remains unclear.
Nevertheless, most provoked scours disappear in
the low-density mixture ‘lightmix2’ that was
designed to mimic the size distribution of the
‘river2’ sand, suggesting that poorer sorting
reduces the tendency to form scours.
The distinction between incipient ripples with

trough scours on the one hand and wavelets
without trough scours on the other hand was
not always clear and somewhat subjective; this
may explain why several ‘ripple’ observations
occur in the dune field, for example for the
walnut sediment. The scours provoked in the
walnut sediment disappear above the smooth to
rough transition; yet the same condition without
provoked scours caused ripples; this seeming
contradiction leads to the suggestion that these
‘ripples’ may have been misinterpreted seed
waves, but this remains uncertain.
Another exception is that some ripples formed

in the river0 sediment. Size segregation was
observed where ripples formed in the fine sedi-
ment patches, and indeed in pilot landscape
experiments not reported here the bed became
covered in ripples and scours where fine sediment

had segregated. In contrast, in the river1 and river2
sediments the provoked scours disappear as
expected above the smooth to rough transition, but
the provoked scours in the river0 sediment did not
disappear. This sediment has the same size distri-
bution as the river2 sediment, except that its finer
tail is coarser and it is a more angular sand from a
different source, meaning that the tendency to
scour of the river0 sediment was expected to be
less, rather than more than in the river2 sediment;
this points to the need to have unimodal, symmet-
rically logarithmically distributed sediments such
that there is equal mobility of all size fractions
(sensu Parker & Klingeman, 1982).
In summary, assuming that the explanations

here for the anomalous points are correct, the
modified smooth to rough transitions and the
ripple–dune transitions separate the majority of
experiments with and without persistent scours.
For the purposes of design of landscape experi-
ments, a simple relation for unimodal, rather
well-sorted sediments is plotted (Fig. 7) above
which scours generally do not occur:

h � 6D�2
�50 ð10Þ

This is the minimum mobility condition needed
for analogue and landscape experiments without
unwanted scours, or the maximum mobility
condition when scours are wanted. This relation
differs from the relation proposed by Peakall

Fig. 5. Histogram of measured scour hole depth, length and width in all experiments. No trends were found with
sediment properties and flow conditions.
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et al. (1996) that was based on the clear-water
smooth to rough transition. For the most common
laboratory conditions with sand of the usual den-
sity of 2650 kg m�3 and a water temperature of
15°C, this relation can be simplified to:

h � 0�011D�2
50 ; ð11Þ

with D50 in millimetres.

DISCUSSION

Conditions conducive to scour hole formation

The self-forming ripples and scours generally plot
below the modified hydraulic smooth to rough
criterion, which is close to the transition from

ripples to dunes unlike the clear-water smooth to
rough transition. This effect is interpreted to
mean that the scours were self-maintained and
indeed flow separation and much stronger turbu-
lence in such scours were observed than around
it. On the other hand, above the smooth–rough
criterion nearly all provoked scours filled and
disappeared after obstacle removal, meaning that
these were not self-maintained. These findings
are positive evidence for the modification of the
transition from hydraulically smooth to rough
conditions by saltation roughness, which devi-
ates not merely in magnitude but in slope from
the clear-water criterion.
Also the provoked scours that self-maintained

after obstacle removal plot correctly in this field,
while the provoked scours that disappear after
removal of the obstacle plot in the rough/dune

Fig. 6. Similar scour holes for a range of obstacle diameters (indicated). The experiment was done in poorly
sorted sand with D50 = 0�43 mm at a velocity of 0�269 m s�1 below the threshold for motion. White patches are
reflections from overhead light.
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field where localized flow separation is expected
to be suppressed. However, in one low-density
sediment persistent scours or ripples occurred
above the suggested threshold and in some
coarse sands ripples were observed, although
these may have been wavelets or local ripples in
fine sand patches, which points to the transi-
tional nature of the smooth to rough transition
discussed above.
The results of this study have possible impli-

cations for the long-debated ripple–dune transi-
tion. These findings show that the stability
fields of scours and ripples are empirically the
same and the transition is the same as the modi-
fied hydraulic smooth to rough transition,
except in that there is a kink in the bedform sta-
bility lines at higher mobility that is not
explained by the added roughness by saltation.

The ripple–dune transition clearly occurs as a
result of multiple processes, where added rough-
ness by saltation is empirically sufficient to
explain the difference between the clear-water
smooth to rough transition and the ripple–dune
transition for lower mobilities. Given that seed
waves emerge in hydraulic smooth and rough
conditions, and can therefore potentially
develop into larger periodic bedforms (Best,
1996; Coleman & Nikora, 2011), the present
authors suggest that it is the emergence of aperi-
odic scours that makes the difference between
ripples and dunes: perhaps ripples are a super-
position of self-maintaining, aperiodic scours
and periodic bedforms, where the scours are so
dominantly present that they suppress possible
relations between bedform dimensions and flow
characteristics. Perhaps the rather constant scour

Fig. 7. Experimental data of bed states with transitions of hydraulic smooth to rough bed indicated. (A) Only
sand. (B) Low-density sediments. Vertically aligned data indicate sets with one sediment. Poorly sorted sediments
are indicated. See text for the simple empirical rule above which scours are unlikely to occur.

Fig. 8. Refilling scour hole after removal of the 15 mm obstacle. The experiment was done with low-density sedi-
ment of 1200 kg m�3 with D50 = 1�6 mm at a velocity of 0�167 m s�1. White patches are reflections from overhead
light.
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dimensions control the wavelength of ripples,
whereas shallow-flow scours in the absence of
ripples may have any spacing, but this needs
further dedicated experimentation. From this
line of thought, it follows that dunes are funda-
mentally the same bedforms as the ripples, but
without the scours, and dunes can therefore
attain dimensions in relation to the flow condi-
tions where this tendency is inevitably over-
whelmed by the scours in the case of ripples.
These results lead to new questions about scale
experiments in engineering context. If the flow
and roughness and bedform dimensions are so
different in dune and ripple-related conditions,
then perhaps their effects on the scaling of scour
depth in bends and around bridge piers and
groynes need better understanding.

Use of poorly sorted sediment to create
optimal roughness

Literature and present experiments suggest that
a wide sediment mixture is conducive to the
suppression of scour holes and ripples in agree-
ment with Peakall et al. (1996) and Kleinhans
et al. (2014b), but this appears to be quite sensi-
tive to the precise composition. The river0 sand
(Table 1) was composed so that it resembled the

river1 sediment but with less coarse sediment
and without any silt or clay and, indeed, the
slightly finer sand had ripples above the
expected threshold where the river1 sediment
did not, which is shown in Fig. 7A around
D� ¼ 11. Mobility is also quite important: near
the threshold for motion, the river1 sediment
that was successfully used for river experiments
without scours (van Dijk et al., 2012, 2013) was
prone to provoked scour formation. Both of
these points illustrate the sensitivity of the
scouring process to minor changes in sediment
composition, particularly the coarse tail of the
distribution, and sediment mobility.
Here, the suggestion by Peakall et al. (1996)

that the 90th percentile by weight should then
be used in the Reynolds boundary number is
explored further. The question is whether this
agrees with the idea of optimal surface rough-
ness for full coverage of the bed with turbulent
flow (Cebeci & Smith, 1974), which suppresses
localized flow separation at scour holes; this is
taken to be the condition wherein the flow is
hydraulically rough.
The size and spacing of roughness elements

determines the added turbulence: a general rule
is that the length of the separated flow zone is
about five times the height of the element

Fig. 9. Same as Fig. 7, but now including all provoked experiments. (A) Only sand. (B) Low-density sediments.
Vertically aligned data indicate sets with one sediment. Horizontally aligned data show experiments with increas-
ing obstacle size, which are incrementally shifted to the right for visibility.
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causing the flow separation. Interpreting this as
the maximum spacing by roughness elements to
cover the entire bed in wake turbulence, the
minimum coverage fraction is about 0�2. This
result agrees well with data by Cebeci & Smith
(1974) of measured roughness over transverse
ribs, where an optimum spatial coverage fraction
of 0�1 to 0�25 caused the highest roughness.
However, roughness elements closer together
interact to reduce drag and Brayshaw et al.
(1983) measured an optimal spacing of three
roughness element heights, meaning a coverage
fraction of 0�33; this, in turn, can be interpreted
as that in order to be rough a sediment bed
needs a surface fraction of 0�1 to 0�33 covered
by roughness elements that cause flow turbu-
lence with vortex shedding because they pro-
trude above the viscous sublayer.
This study calculated which size fraction in

the particle size distribution by volume corre-
sponds to the optimal surface fraction of rough-
ness elements for ubiquitous flow separation.
Unimodal, lognormally distributed sediments
are defined with D50 = 0�5 mm and a range of
standard deviations. Firstly, the theoretical

cumulative distributions were converted from
volume (and mass, assuming the same density
of all fractions) to surface area occupied. Next, a
correction was applied on the distribution for
dynamic armouring at the surface, which causes
the larger particles to be relatively more abun-
dant (Marion & Fraccarollo, 1998; also see Klein-
hans, 2005a). Clearly, the larger particles are
less abundant at the surface by coverage area
(solid lines in Fig. 10A) than by mass (dashed
lines in Fig. 10A). Finally, the percentile of the
larger particles occupying the optimal area was
calculated, here by fractions 0�1, 0�2 and 0�33.
The result is that the percentile of optimal area
for rough flow decreases as the mixture becomes
more poorly sorted (solid lines in Fig. 10B). In
other words, optimal bed roughness is not well
represented by the D90 as first suggested by Pea-
kall et al. (1996) but by a percentile that
depends on the mixture standard deviation.
This result needs further modification because

the size of the roughness elements should not be
below D > 0�5 mm for which the bed is thought to
be just about rough. The percentile by volume
(and mass) was calculated for which D = 0�5 mm

Fig. 10. Surface area covered by larger particles as roughness elements for sediment mixtures with a median size
of 0�5 mm. (A) Probability density of surface area covered by particles for a range of mixture standard deviations.
Dashed lines indicate the probability density by volume (and mass) for the best and poorest sorted mixture. The
range for optimal spatial coverage for the highest roughness is indicated. (B) Sediment mixture percentiles by vol-
ume (and mass) for optimal roughness as a function of mixture standard deviation, showing that particles of lower
percentiles contribute to the roughness for poorer sorting.
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(dashed line in Fig. 10B), showing that in all the
larger particles occupying 25% of the surface (blue
line) are not large enough to cause flow separation
because they plot below the D = 0�5 mm line,
while those occupying only 10% (red line) are
more than large enough for all standard deviations
except the smallest. These results show that the
90th percentile is an overestimation of what is
needed for ubiquitous flow separation over moder-
ately to poorly sorted sands with D50 = 0�5 mm.
More precisely, percentiles lower than D90 apply
for wider mixtures as long as they protrude above
the viscous sublayer. However, this result is con-
trary to the observations: it suggests that in wider
mixtures a percentile closer to the median should
be used, which reduces rather than increases the
boundary Reynolds number. Moreover, the slope
of the line with constant Re�sr is clearly different
from that of the ripple–dune transitions, which
leads to the conclusion that assuming a high per-
centile diameter in the calculation of the smooth
to rough transition for sediment mixtures is under-
estimating the roughness more, the poorer the sort-
ing of the mixture. Nevertheless, the analysis and
the experiments show that somewhat poorly
sorted sediments can be used to advantage in land-
scape experiments to reduce the tendency to form
scours if the sediment is unimodal as to promote
equal mobility of all size fractions.

CONCLUSIONS

A large data set was collected from experiments
with self-formed scours about 2 cm deep, cover-
ing a large range of conditions, particle sizes
and densities. Scour holes have dimensions
independent of flow conditions and particle
properties. Scours were also provoked by obsta-
cles that were subsequently removed to investi-
gate whether the scours are self-maintaining.
Self-formed and provoked scours disappear

with increasing particle size and sediment
mobility above a threshold related to the transi-
tion of hydraulic smooth to rough boundaries.
However, this is not the classical clear-water
relation with Re� � 11�63 and effective rough-
ness based on median particle size. Rather, the
smooth to rough transition occurs at lower
Shields numbers and smaller particles than
expected for clear-water conditions because sed-
iment saltation causes additional roughness.
Here, saltation height and roughness depend on
Shields number. This result agrees well with
earlier work showing that saltation modifies the

buffer layer and effectively adds roughness. On
the other hand, added viscosity due to bedload
sediment concentration has a negligible effect.
The effective roughness in the smooth to

rough transition depends also on the surface
proportion of particles larger than the viscous
sublayer thickness, which depends on the mix-
ture standard deviation; this explains sugges-
tions in the literature that the smooth to rough
transition is best estimated with some large per-
centile of the particle size distribution, but a
single percentile is not empirically adequate.
For the purpose of design of landscape experi-

ments wherein scours are required or unwanted,
a simple empirical function above which scours
should not occur was induced for sand:
h � 0�011D�2

50 with D50 in millimetres.
The results support hypotheses that saltation

and self-maintaining scour holes with flow sepa-
ration are important for the ripple–dune transi-
tion: bedforms in fine sediment have
superimposed scours, which together form
three-dimensional current ripples with dimen-
sions nearly independent of flow conditions,
whereas bedforms in coarse sediment do not
form scours and can attain dimensions related
to flow conditions. The findings of this study
were generalized to the testable hypothesize that
ripples are a superposition of periodic bedforms
and aperiodic scours.
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APPENDIX

Definition of variables in bedform
stability diagrams

Southard & Boguchwal (1990) set up two differ-
ent diagrams for current bedforms: one based on
total bed shear stress and median particle size,
and a set of three diagrams based on flow velo-
city and median particle size for three ranges of
flow depth. As is well known, five bed states
were distinguished: no movement, ripples,
dunes, upper-stage plane bed (‘USPB’) with
sheetflow, and upper-flow regime with plane
bed and antidunes. All diagrams were corrected
for temperature by adjusting particle size and
flow velocity for the temperature-dependent vis-
cosity. However, total bed shear stress includes
the form friction caused by the bedforms that
the diagram is attempting to predict, which
makes this version inconveniently circular. To
remove this circularity, van den Berg & van
Gelder (1993) employed the bed shear stress par-
titioning common in sediment transport predic-
tion (here, van Rijn, 1984a).
The Southard & Boguchwal (1990) diagrams

plot bed states in Velocity–grain-size space,

© 2017 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 64, 1381–1401

Scour holes, saltation and ripple–dune transition 1399



where both variables were corrected for tempera-
ture effects on the viscosity of water:

ut10 ¼ u
l
q

� �1=3

ð12Þ

where u, flow velocity (m s�1), here for a tem-
perature t = 10°C, where l � 4� 10�5=ð20þ tÞ is
the dynamic viscosity (kg sm�1) and q = density
of water (kg m�3), and:

Dt10 ¼ D50
l
q

� �2=3

ð13Þ

where D50, median particle size (m). Three ver-
sions of the diagram were produced on the basis
of data for different ranges of water depth. In an
attempt to remove the water depth dependence
of the flow velocity diagrams, Southard &
Boguchwal (1990) also constructed a diagram
based on total bed shear stress versus tempera-
ture-corrected particle size:

s ¼ qgh sinS ð14Þ

where g, gravitational acceleration [9�81 m s�2],
h, water depth and sin S is the energy gradient.
However, the total shear stress is not entirely
independent of the bed state that is predicted
because it incorporates form-related shear
stress.
Van den Berg & van Gelder (1993) removed

this element of circularity by using the
shear stress related to skin friction only, calcu-
lated as:

s0 ¼ qg
u2

C 02 ð15Þ

where the Chezy coefficient is calculated for the
skin friction part only as:

C 0 ¼ 1810 log
12h

k0
s

ð16Þ

where k0
s, Nikuradse roughness length (m)

related to the larger particles, where k0
s ¼ D90 or

k0
s ¼ 2�5D50 when D90 is unknown and hence-

forth we drop the prime. Note that van den Berg
& van Gelder (1993) originally proposed
ks ¼ 3D90 but on the basis of Kleinhans & Van
Rijn (2002) ks ¼ 1D90 is adopted. Furthermore,
van den Berg & van Gelder (1993) made their
diagram dimensionless and corrected for tem-
perature effects by using the Bonnefille parame-
ter for particle size on the abscissa:

D� ¼ D50
qs � q

q
g

m2

� �1=3

ð17Þ

where qs, density of sediment (kg m�3) and m,
l/q is the kinematic viscosity (m2 s�1) depend-
ing on temperature (°C). The ordinate has the
Shields parameter for bed shear stress related to
skin friction:

h ¼ s0

ðqs � qÞgD50
ð18Þ

van den Berg & Van Gelder (1998) further showed
that lines for the transition to critical flow (Froude
number � 1) can be plotted at various positions in
the diagram depending on the flow depth, where
the Froude number is defined as:

Fr ¼ uffiffiffiffiffiffi
gh

p ð19Þ

As a further frame of reference, a modern
empirical version of the Shields curve is plotted
to denote the gradual ‘threshold’ for the begin-
ning of generalized sediment motion (Soulsby,
1997):

h ¼ 1

2

0�3
1þ 1�2D�

þ 0�055 1� expð�0�02D�Þ½ � ð20Þ

which plots close to the lowest line below
which no sediment motion occurs. Note that the
function is here multiplied with 1/2 so that it
represents the beginning of motion rather than
the beginning of generalized bedload as the orig-
inal Shields curve does. Based on a description
of turbulent flow over grains of natural shapes
and earlier work by Wiberg & Smith (1987),
Zanke (2003) derived an instructive semi-
empirical relation for the beginning of motion
that illustrates the importance of near-bed turbu-
lence intensity urms;b relative to velocity at the
level of particles ub:

hc ¼ C0K tanðu=1�5Þ
1þ 1�8urms;b

ub

h i2
1þ 0�4K tanðu=1�5Þ 1�8urms;b

u�

� �h i

ð21Þ

where u, angle of repose of the sediment. The
correction K accounts for cohesion due to the
water–grains system (not of added clay) by cor-
recting the angle of repose with the multiplica-
tion factor:
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K ¼ 1þ 3� 10�8

ðqs � qÞD2
ð22Þ

which only affects grains of D < 0�020 mm.
Based on his formulation for the universal veloc-
ity profile in smooth to rough flow, Zanke (2003)
derived equations for the ratios of rms near-bed
velocities urms;b (representing turbulence) and
the velocity ub on the protruding part of the
grains or the shear velocity; this accounts for the
submergence of grains into the laminar sublayer
for smaller grains, so that these are more diffi-
cult to entrain as is obvious from the falling
trend of hc with grain size. Finally, Zanke (2003)

showed that the Shields curve for coarse sand in
flow without turbulence plots an order of magni-
tude higher than with turbulence, which is the
same magnitude as the Shields curve represent-
ing finer sands with turbulence damped out by
the buffer layer. The transition from smooth to
rough bed takes place at the minimum in the
Shields curve, which coincides with the ripple–
dune transition in the bedform stability dia-
grams. Vollmer & Kleinhans (2007) extended
this work further by including turbulence into
the bed and a universal velocity profile with the
Van Driest function for the transition from
hydraulic smooth to rough conditions.
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