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1 INTRODUCTION 

The development of bed forms under a sediment 
supply-limited condition appears only recently to 
have been investigated in more detail, such as by 
Kleinhans et al. (2002) and Bravo-Espinosa et al. 
(2003) for alluvial flows, and Bastos et al. (2002) for 
continental shelf flows. The term ‘sediment supply-
limited condition’ is used herein to represent ‘a limi-
tation of available, transportable sediment from 
which the bed forms are moulded’ (Kleinhans et al., 
2002). Such a condition can typically occur in a 
pool-riffle stream or downstream of a hydropower 
dam (due to upstream sediment deposition), in sand-
gravel mixtures (due to bed armouring) or in areas 
with an exposed bedrock (due to depletion of erod-
ible sediment) – where a relatively thin layer of sedi-
ment may occur over a sandstone bed, such as for 
older rivers. Under this condition, the bed form di-
mensions, rate of growth and geometric arrangement 
cannot usually be predicted from the local hydraulics 
and sediment characteristics, but are partly or com-
pletely related to the characteristics of the sediment 
supply from upstream (Kleinhans et al., 2002). 

Published studies that deal with the quantification 
of ripple development under a sediment supply-
limited condition are rare, and only qualitative analy-
ses of the occurring bed forms were found. 

Most previous laboratory investigations of the 
development of bed forms and ripples in particular, 
have been primarily conducted in straight channels, 
under steady uniform flow and unlimited sediment 
supply conditions. Some key contributions from 
these studies were a better understanding of the 
stages of bed form development – as summarised by 
Raudkivi (1997) – and the development of predictive 
models of the bed form growth (Nikora and Hicks, 
1997; Coleman et al., 2005), among others. How-
ever, the validity of such findings to varying flow 
and sediment transport conditions remains to be con-
firmed. One further challenge is the determination of 
the time to equilibrium of the bed form dimensions 
under such variable conditions (Coleman et al., 
2005). These questions have been addressed experi-
mentally by the authors and some of the key findings 
are discussed herein. 

The combined effect of the conditions described 
above related this study, with an element of general-
ity, to conditions often found in the field and where 
ripples etc form downstream of a non-sedimentary 
bed. The main aim of the study was to characterise 
ripple development in the hydraulic model, with 
sediment supply becoming critically limited during 
experimentation. 

2   EXPERIMENTATION WORK 

2.1   Hydraulic system and model 

Effect of sediment supply limitation on bed form development under 
non-uniform flow conditions 

W. B. Rauen, B. Lin & R. A. Falconer 
Hydro-environmental Research Centre, School of Engineering, Cardiff University, The Parade, Cardiff CF24 
3AA, UK 
 

ABSTRACT: An open channel experimental investigation of ripple development on an initially flat sand bed 
was conducted under turbulent subcritical non-uniform flow conditions. The hydraulic model used included a 
narrower upstream channel, a diverging channel and a wider downstream channel. With the amount of sedi-
ment that recirculated in the flume system being very small and no sediment feed system being used, the sedi-
ment material required for the development of bed forms originated primarily from the eroded bed material in 
the upstream channel. Depletion of the supply region eventually created a sediment supply-limited condition, 
concurrently with the ripple dimensions becoming constant prior to the equilibrium stage being reached. Non-
uniform flow induced the simultaneous occurrence of bed forms at distinct stages of development throughout 
the hydraulic model, where 3-D and 2-D ripples and incipient bed forms were recorded. 
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The hydraulic model was installed inside a large 
flume located in the Hyder Hydraulics Laboratory, at 
Cardiff School of Engineering. A description of the 
flume and other experimentation apparatuses was 
given by Rauen et al. (2008a). 

 The hydraulic model is illustrated in Figure 1. It 
had three main regions, namely an upstream channel, 
a diverging channel and a downstream channel. A 
threefold increase in the flow width along the di-
verging channel allowed for a decrease of the mean 
flow velocity by a similar magnitude. The model 
was made of translucent PVC and the height of the 
model walls was 50 cm throughout. The upstream 
channel was 3.0 m long and 30 cm wide, and corre-
sponded to the region of 2.0 m < x < 5.0 m in terms 
of flume coordinates. The downstream channel was 
4.0 m long and 90 cm wide, and was located be-
tween 11.0 m < x < 15.0 m. The diverging channel 
connected these two sections and was 6.0m long, 
spanning from 5.0 m < x < 11.0 m. The width of the 
diverging channel varied linearly in the longitudinal 
direction, from B = 30 cm at x = 5.0 m to B = 90 cm 
at x = 11.0 m, with a 1:10 aspect ratio. Approxi-
mately 1 tonne of sand was used to fill the model 
bed, up to an initial bed level of 10 cm. The flume 
was filled to an experimental water depth of H = 30 
cm above the initial sand bed level. 
 

 
Figure 1 Hydraulic model setup (see text for explanation of pa-
rameters) 

2.2   Sediment characteristics and erosion threshold 

The sediment used in the experiments was fine 
quartz sand, obtained commercially in washed and 
graded conditions, with a silica content higher than 
98%. The sand was well sorted and uniform, with d 
= d50 = 130 µm, where d50 is the median grain size. 

Some key sediment transport parameters were 
calculated for the sand used in this study from the 
formulations of Soulsby (1997), giving ws = 1.2 
cm/s, D* = 3.3, θcr = 0.065 and u*cr = 1.2 cm/s, for 
the settling velocity, dimensionless grain size, criti-

cal Shields parameter and critical friction velocity 
respectively. By taking into account the water depth 
used in the model, the critical mean streamwise ve-
locity for sediment erosion was estimated as Ucr ≈ 25 
cm/s, using the friction law of Soulsby (1997). 

2.3   Experimentation conditions 

The flume was first levelled in the horizontal plane 
for the experiments described herein. A typical ex-
periment would start with a flat sediment bed and, as 
the experiment progressed, then bed forms would 
develop under fully turbulent flow conditions, with a 
constant discharge of Q = 45 l/s. The values of a 
number of hydrodynamic and sediment transport pa-
rameters estimated for the hydraulic model were ob-
tained using the formulations of Soulsby (1997) and 
are given in Table 1 and Figure 2. 
 
Table 1 Values of key hydrodynamic and sediment transport 
parameters estimated for upstream channel (3.0 m < x < 5.0 m) 

parameter value 

U0 (m/s) 0.50 

Re (x 103) 171 

Fr 0.29 

u* (m/s) 0.024 

Re* 2.7 

Fr* 10.9 

θ/θcr 4.0 

 

 
Figure 2 Estimated distributions of hydrodynamic and sediment 
transport parameters (φ) in the hydraulic model, normalised by 
corresponding values in upstream channel (φup) 
 

The cross-sectional mean streamwise velocities 
were calculated as U0 = Q/A, where A is the cross-
sectional area of the flow. The Reynolds and Froude 
numbers were calculated as Re = U04Rh/ν and Fr = 
U0/(gH)0.5 respectively, where ν is the kinematic vis-
cosity, g is gravitational acceleration and Rh is the 
hydraulic radius. The estimated ranges for these pa-
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rameters indicated that turbulent subcritical flow oc-
curred in the hydraulic model. 

Several bed profile measurements were under-
taken during the experiments to assess bed form de-
velopment, as outlined below. 

2.4 Bed form data acquisition and processing 

Bed profile measurements in the hydraulic model 
were carried out using an Acoustic Doppler probe, 
i.e. Nortek’s Vectrino+, operated in sonar mode. The 
probe was traversed along the x direction centreline. 
The longitudinal positions and bed elevation values 
were combined to generate 2-D profiles of the bed. 
The accuracy of the method, when used under the 
experimentation conditions reported herein was of 
the order of 1 mm in the horizontal and vertical di-
rections, when compared against results obtained 
with a commercial bed profiler equipped with a con-
ductivity probe (see Rauen et al., 2008b for details). 
Bed profile measurements were carried out at vari-
ous experimentation times during the transition and 
final ripple development stages. 

The processing of bed profile data involved 
searching the records for bed surface slopes, so that 
the slope inflection points along a bed profile could 
be identified. The bed form height was calculated as 
the difference in elevation between a trough and the 
subsequent crest in the upstream direction. Height 
values not lower than 10d were identified as bed 
forms and had their height and distance along the x 
direction recorded. 

The most commonly used parameters to describe 
ripple dimensions are the median and/or the maxi-
mum height and length, as reported by several au-
thors. In this study, median ripple heights and 
lengths, represented by η50 and λ50 respectively, 
were calculated at 1.0 m step intervals along the lon-
gitudinal direction of the model. The results thus ob-
tained were then associated with the central point of 
the corresponding intervals. For instance, station x = 
7.0 m represented the median data calculated be-
tween 6.5 m < x < 7.5 m, while the data measured in 
the region of 7.0 m < x < 8.0 m was used to compute 
the results associated with station x = 7.5 m, and so 
forth. 

3   RESULTS AND DISCUSSION 

3.1 Analysis of bed form development 

The measured time variation of the median bed form 
height and length, i.e. η50 and λ50 respectively, at 

three stations along the hydraulic model channel are 
shown in Figure 3a and 3b respectively. 
 

 
Figure 3 Recorded variations of median bed form dimensions at 
three sections of the hydraulic model, showing the results for: 
a) bed form height; and b) bed form length 
 

In general, it can be seen in this figure that three 
different patterns of bed form development occurred 
at these stations. In order of increasing θ/θcr values 
(see Figure 2), the overall trends were: i) at station x 
= 12.0 m, where θ/θcr < 1, a trend of increase oc-
curred after a period of approximately constant bed 
form dimensions (i.e. 4 hr approximately), which 
then became asymptotic; ii) at station x = 8.0 m, 
where θ/θcr ≈ 1, the ripple dimensions increased 
monotonically from the start of monitoring, and be-
fore tending to an asymptote; and iii) at station x = 
4.0 m, where θ/θcr ≈ 4, the overall trend was one of 
reduction of the η50 and λ50 values after a short pe-
riod of increase, with a higher scatter in the data for t 
< 8 hr as compared to the rest of the data shown in 
Figure 3. However, it may be noted that the high 
data scatter for x = 4.0 m probably contained sam-
pling errors due to the 3-D nature of the ripple field 
in this region (as shown below). The ripple dimen-
sions calculated from the centreline bed profile 
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measurements may not have represented the ripple 
crest heights, but included some ripple flanks as well 
and were therefore probably underestimated (Raud-
kivi, 1997). In spite of this anomaly, the correspond-
ing bed form dimensions in this region also tended 
to an asymptote in the end of experimentation. 

Key stages of bed form development observed in 
parts of the hydraulic model are illustrated in Figure 
4, where the flow direction was from left to right. 
Figure 4a depicts the rippled field after 1 hr of ex-
perimentation, in the region comprising the end of 
the upstream channel and the initial part of the di-
verging channel. The occurrence of 3-D and 2-D rip-
ples in this region can be noted at this time, with a 
zone of transition from 3-D to 2-D ripples occurring 
inside the diverging channel. At the end of experi-
mentation, i.e. for t = 24 hr, such a zone was typi-
cally located near x ≈ 6.5 m. A higher rate of bed 
form development was expected to occur in the up-
stream channel reach as compared with other reaches 
of the hydraulic model, due to the corresponding 
values of θ/θcr being higher. This was confirmed by 
the observation in that the bed form field evolved 
quicker in the upstream channel reach in comparison 
with other regions of the model, following the gen-
eral sequence from wavelets to 2-D ripples, and then 
to 3-D ripples (Raudkivi, 1997). In most of the di-
verging channel reach, the ripple field retained a 2-D 
character until the end of experimentation, as shown 
in Figure 4b for the region near x = 9.0 m and at t = 
24 hr. 
 

 
Figure 4 Photographic illustration of bed form development 
along the hydraulic model, showing the regions located at: a) 
end of upstream channel and start of diverging channel; b) di-
verging channel; c) time variation of ripple bed at interface be-
tween diverging and downstream channels 

Figure 4c illustrates the development of bed 
forms in the area around the interface between the 
diverging and downstream channels, i.e. near x = 
11.0 m, for the experimentation times of t = 3, 4.5, 6 
and 9 hr. The bed shear stresses in this region were 
probably considerably lower than the erosion thresh-
old. In spite of this, it can be seen from these photo-
graphs that bed form development occurred in this 
region and was concentrated primarily near the 
channel centreline. A comparison of the subsequent 
images in Figure 4c indicated that ripple develop-
ment was probably induced by an increase in the bed 
roughness that took place as the upstream ripple 
field developed, in accordance with the observations 
of Baas and Best (2000). This phenomenon might 
also explain the initial period of constant bed form 
dimensions, as depicted for x = 12.0 m in Figure 3, 
when any bed form induced increase in the bed 
roughness had not yet been significant enough to ini-
tiate bed form development. 

An analysis of Figure 4c also indicated that the 
rate of bed form development near the channel cen-
treline at around x = 11.0 m was higher than near the 
walls, where the bed forms did not appear to develop 
beyond the incipient stage. Such a non-uniform pat-
tern of bed form development across the channel 
was probably caused by a non-uniform lateral distri-
bution of the governing hydrodynamic parameters. 
Therefore, it may be noted that any estimates of rip-
ple dimensions made for the downstream channel, 
based on the centreline bed profiles, only represented 
the bed forms along the centreline of the channel. 

For the fine sand used in this study, the equilib-
rium ripple and wavelet dimensions were estimated 
using empirical equations from the literature. As 
shown in Table 2, the estimated ranges for the equi-
librium ripple height and length were 10 mm < ηe < 
15 mm and 113 mm < λe < 131 mm respectively, 
while the wavelet length and threshold height were 
calculated as λw = 55 mm and ηw = 7 mm. These es-
timates are illustrated in Figure 5. Also included in 
this figure are the final measured bed form dimen-
sions, calculated as the median bed form height and 
length at each station, time-averaged over the inter-
val of 17 hr < t < 24 hr. Such an interval included the 
last three recorded bed profiles, during the asymp-
totic period of the bed form development in the 
model (Rauen et al., 2008c). 

It can be noted in Figure 5 that the final bed form 
height and length values were generally lower than 
the corresponding equilibrium stage estimates. These 
results suggested that the bed forms occurring in this 
study did not reach the equilibrium stage. The sub-
script ‘e’ is henceforth used to refer to the final bed 
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form dimensions occurring in the hydraulic model, 
as use of the term ‘equilibrium dimensions’ would 
be conceptually incorrect in this instance. Further-
more, while the length values were above the pre-
dicted wavelet length, the height results for x > 12.0 
m were below the threshold wavelet height. These 
results suggested that such bed forms may have re-
mained in the incipient stage during the experiments. 
 
Table 2 Estimated equilibrium ripple and wavelet dimensions 
for the fine sand of this study (in mm) 

Source ηe λe ηw λw 

Baas (1994) 15 131 --- --- 

Raudkivi (1997) 15 121 --- 55 

Soulsby and White-
house (2005) 

10 129 --- --- 

Yalin (1985) --- 113 --- --- 

Rauen et al. (2008a) --- --- 7 --- 

 

 
Figure 5 Final bed form dimensions recorded along the hydrau-
lic model, and corresponding estimates of equilibrium ripple 
and wavelet dimensions, showing the results for: a) bed form 
height; and b) bed form length 

3.2 Characterisation of final bed forms 

The above analysis of bed form development, based 
on measured dimensions and photographic evidence, 

led to the conceptual subdivision of the hydraulic 
model into three main regions, in terms of the corre-
sponding types of final bed forms occurring along 
the channel centreline. Such regions were defined as 
being: A) zone of 3-D ripples, for 3.5 m < x < 6.5 m; 
B) zone of 2-D ripples, for 6.5 m < x < 12.0 m; and 
C) zone of incipient bed forms, for 12.0 m < x < 
14.0 m. A similar scenario, in which a range of bed 
forms occurred within an overall framework of lim-
ited sediment supply, was reported by Bastos et al. 
(2002), for an area which involved exposed bedrock 
on the seabed. Kleinhans et al. (2002) reported the 
simultaneous occurrence of different types of bed 
forms in alluvial and laboratory flows, although this 
was deemed to be mainly as a consequence of bed 
armouring in their study, due to a non-homogeneous 
bed sediment composition. In this study, the diver-
sity of the final bed forms was regarded as being 
primarily due to the non-uniform flow and sediment 
supply-limited conditions occurring in the hydraulic 
model. 

3.3 Discussion 

A literature survey suggested that a possible expla-
nation for the interrupted development of bed forms 
prior to the equilibrium stage being reached, as re-
ported above, was the occurrence of a sediment sup-
ply-limited condition in the hydraulic model. The ra-
tionale behind this hypothesis was that sediment 
supply was limited by the amount of sand located 
primarily in the upstream channel bed, where net 
erosion occurred in the hydraulic model. Once sedi-
ment depletion had taken place, and with the sus-
pended sediment concentration recirculating in the 
flume water being very low, the main supply of sand 
for the further development of bed forms was cut off 
and bed form development ceased. 

In the hydraulic model runs, sediment depletion of 
the upstream channel bed occurred after approxi-
mately 17 hours of experimentation. The time for the 
final ripple height and length to occur were deter-
mined, on average, as te = 14 hr and 11 hr respec-
tively, using an asymptote analysis of the ripple di-
mensions (see Rauen et al., 2008c for details). Such 
te values were considerably lower - typically by one 
order of magnitude or more - than any estimates 
made e.g. for the diverging channel using predictive 
equations for te, such as found in Raudkivi (1997) 
and Coleman et al. (2005). Hence, the similarity be-
tween the time values mentioned above strongly 
suggested that bed form development in the hydrau-
lic model was limited by sediment depletion occur-
ring in the upstream channel bed. The fact that the 
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dimensions of the bed forms for different stages of 
development along the hydraulic model became con-
currently unchanged (see Figure 3) appeared to con-
firm this hypothesis. 

It may be added that the final ripple dimensions 
and time cannot currently be estimated for the non-
uniform flow and limited sediment supply condi-
tions, such as those considered in this study. Since 
these parameters are typically involved in empirical 
models of ripple development, such as given by 
Nikora and Hicks (1997) and Coleman et al. (2005), 
the success in predicting ripple development under 
such conditions currently relies on making an ex-
perimental determination of the final ripple dimen-
sions and time. In fact, Rauen et al. (2008c) showed 
that the model of Coleman et al. (2005) performed 
well in predicting the rate of ripple development in 
zone B of the hydraulic model, provided that the pa-
rameters mentioned above were accurately deter-
mined. 

4 CONCLUSIONS 

Non-uniform flow caused different patterns of bed 
form development to occur in the hydraulic model, 
both in time and space. The final bed form dimen-
sions occurring in this study fell short of the esti-
mated equilibrium ripple dimensions. A photo-
graphic analysis confirmed that bed forms occurring 
in most of the hydraulic model reach did not achieve 
equilibrium, in spite of their dimensions becoming 
asymptotic within the experimentation timescale. 
The final bed form field comprised three distinct 
zones, including: 3-D and 2-D ripples and incipient 
bed forms respectively. Such a scenario is not un-
usual in nature where, due to the unsteady and/or 
non-uniform flow and sediment transport processes 
that occur naturally, the bed forms are found in dif-
ferent stages of development and may not reach 
equilibrium. 

The authors plan to undertake further experiments 
to verify the applicability of the findings reported 
herein to other sediment grain sizes and with a sedi-
ment feed system. 
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