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ABSTRACT: A series of laboratory flume experiments under conditions of sediment starvation (zero sediment feeding) and
recirculation were conducted in order to identify the temporal evolution and surface properties of static and mobile armour layers.
The experiments were carried out in an 8 m long flume using a bimodal grain-size mixture (Dso=6-2mm) and a range of shear
stresses ranging from 4-0 to 8:6 N m™2. The results confirm that a static armour layer is coarser than a mobile one, and that the grain
size of a mobile armour layer is rather insensitive to changes in the imposed flow strength. An analysis of laser scan bed surveys
revealed the highly structured and imbricated nature of the static armour layer. Under these conditions the vertical roughness length
scale of the bed diminished and it became topographically less complex at higher forming discharges. The topography of mobile
armour layers created by rising discharges differed. They exhibited a greater roughness length scale and were less organized, despite
the fact that the grain size of the surface material maintained an approximately constant value during recirculation. Also, the mobile
armour tended to create larger cluster structures than static armour layers when formed by higher discharges. These differences were
mainly due to the transport of the coarser fraction of bed sediments, which diminished to zero over the static armour because of
being hidden within the bed, whereas in the mobile armour the coarser particles protruded into the flow and were actively
transported, increasing the vertical roughness length scale. Overall, the results show that an examination of the grain size
characteristics of armour layers cannot be used to infer sediment mobility and bed roughness. Detailed elevation models of exposed
surfaces of gravel-bed rivers are required to provide critical insight on the sediment availability and sedimentation processes.
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Introduction

Gravel-bed rivers, with both seasonal and perennial regimes,
typically have armoured surfaces over an underlying, finer
subsurface mix of sediments. The coarser surface has implica-
tions for bedload transport estimation (Barry et al., 2004;
Bathurst, 2007), hyporheic flow exchange (Packman et al.,
2006) and macro-invertebrates and fish habitats (Waters,
1995). These coarser surface layers can be differentiated into
static and mobile armours. A static armour layer is created by a
flow that selectively entrains only the finer elements when
there is a lack of upstream sediment supply (Proffitt and
Sutherland, 1983; Parker and Sutherland, 1990; Chin et al.,
1994; Church et al., 1998). This is typical of river reaches
located downstream of lakes or dams.

Conversely, a mobile armour decreases the inherent
difference in mobility between large and small grains by
over-representing the percentage of larger grains exposed to
the flow (Parker and Klingeman, 1982; Parker et al., 1982). A
mobile armour layer can coexist with the transport of all
available grain sizes, including the coarsest. The development

of a mobile armour has been explained using the concept of
equal mobility of all grain sizes of a heterogeneous gravel bed
(Parker and Toro-Escobar, 2002). This states that, even if the
coarse grains are intrinsically less mobile than the finer ones,
all size fractions are transported at the same rate. Mobile
armours have been developed in sediment recirculating flumes
(Marion and Fraccarollo, 1997; Wilcock et al., 2001). Under
these conditions the bed surface coarsening is mainly caused
by a kinematic sorting process (Wilcock, 2001), in which finer
grains tend to occupy the spaces left by entrained, larger
grains, and gradually infiltrate into the subsurface layer. The
degree and rate of vertical infiltration depend on the
availability of voids, the size of both gravel framework and
finer grains, and flood history (Frostick et al., 2006; Wooster
et al., 2008; Gibson et al., 2009). It has also been suggested
that mobile armours persist throughout floods (Wilcock and
DeTemple, 2005) and some evidence of this has been also
observed directly in the field (Andrews and Erman, 1986;
Clayton and Pitlick, 2008).

Hassan and Church (2000) explored the development of
surface bed structures on gravel beds created under both



1322 L. MAO ET AL.

sediment starved and sediment feed conditions, finding
notable differences in the degree of organization of stone
cells. Surface microform structures, and in particular grain
clusters, have long been studied, particularly for their impact
on sediment transport and flow resistance (e.g. Papanicolaou
and Schuyler, 2003; Strom et al., 2004). However, they can
also provide important insight into the flow and sediment
supply conditions of their formation (Papanicolaou et al., 2003;
Wittenberg and Newson, 2005; Strom and Papanicolaou,
2009). Hendrick et al. (2010) reported on the evolution and
conditions for formation and destruction of clusters under
different hydraulic conditions.

Recently the grain size, degree of imbrication, cluster types
and degree of stability have been studied on armoured surface
layers, especially using detailed, laser scan bed surveys.
Marion et al. (2003) described the degree of particle
organization and bed stability using the probability density
distribution of the bed surface elevations and a second-order
structure function, which is able to provide details of the
roughness length scales (Nikora et al., 1998). Differences in
surface organization, imbrication and complexity between
manually screeded and water-worked beds have been
demonstrated in flume studies (Cooper and Tait, 2009). The
same grain surface properties have been used to assess
differences between successive development of stable armour
layers (Aberle and Nikora, 2006). High-order structure
functions have also been applied to explore differences at
the particle scale on water-worked gravel surfaces in the field,
trying to determine the orientation and direction of the flow
that formed the bed surfaces (Nikora and Walsh, 2004). In a
detailed analysis of various terrestrial laser scanning surveys
on two rivers in the UK, Hodge et al. (2009) demonstrated the
potential of this technique for quantifying the topography of
fluvial sediment surfaces and assessing their differences in
terms of the distribution of surface elevations, semivariograms,
surface slopes and aspects, and grain orientation. Entwistle
et al. (2007) also documented the evolution and distribution of
micro-scale bedforms after several flood events using the same
technology.

Despite the range of studies on armour layer develop-
ment, differences between static and mobile armour layers
have not previously been quantified in terms of bed surface
topography. Because the type and development of an
armour layer is sensitive to changes in sediment supply
and flow regime, high resolution quantitative topographic
surveys may be used to assess changes in armour size and
structure, and hence infer sediment supply and flow regime.
Since a static armour layer is developed under limited
sediment supply conditions and is very stable, it should be
structured with little grain exposure and with grains
predominately oriented down stream. In contrast a mobile
armour layer should have structures with higher grain
exposure and poor orientation. The aim of the present
paper is to use a series of laboratory studies to quantify the
differences in the organization of surface particles, at both
grain and cluster scales, between armour layers created
under conditions of sediment starvation and recirculation.
Successive stages of static and mobile armour development
are analysed and compared in terms of both grain size
distribution, basic descriptors of the probability density
function of bed elevations, surface slopes and aspects, and
two-dimensional second-order structure functions derived
from laser scan measurements. The objective is to quantify
and evaluate the relationships between bed surface topog-
raphy and sediment availability. The implications of these
observations in terms of sediment transport and bed
roughness characterization are discussed.

Copyright © 2011 John Wiley & Sons, Ltd.

Materials and Methods
Experimental conditions

The experiments were carried out in an 8 m long, 0-3 m wide
tilting laboratory flume. To facilitate the development of fully
developed flow and to reduce backwater effects, Tm long,
artificially roughened, bed sections were placed at both the
upstream and downstream end of the flume. A 0-3 m long, full-
width, trap was used to collect sediments at the downstream
end of the flume. The metal net on the sediment trap was fine
enough to retain the smallest sand fraction of the mixture
(0-5 mm). The capture efficiency of the bedload trap was better
than 95% even with the highest bedload rate. At the beginning
of each experiment, the sediments were thoroughly mixed and
then screeded flat to a thickness of 0-13 m along the working
length of the flume. The mixture had a bimodal grain-size
distribution (20% sand to 80% gravel) with D;g=1-7 mm;
Dsg=6-2mm; Dgs=9-8 mm.

Experiments were carried out under conditions of both
sediment starvation and sediment recirculation. In the first set
of experiments, no additional sediments were fed at the
upstream end of the flume, thus forcing the bed to degrade
until a static armour layer formed. The experiments were
terminated when this had occurred, i.e. when bedload
transport rate diminished to less than 1% of the initial rate.
Under sediment recirculation conditions, all of the transported
sediments were collected at the downstream end of the flume,
weighed and manually re-entered over the fixed, roughened
bed at the upstream end of the flume. The sediments captured
by the trap were recirculated within 40seconds at intervals
ranging from one to 10 minutes depending on the bedload rate.
The recirculation experiments allowed the formation of a
mobile armour layer, which was achieved when sediment
transport rate no longer fluctuated significantly (usually after
15 hours).

Five runs were carried out for each condition, with
discharges ranging from 13-2 to 25:61 s7' (shear stresses
ranging from 5-9 to 8:6 N m™2, respectively). In addition, three
runs with lower discharges (7:1, 9-4 and 11-41 s,
corresponding to 4:0, 46 and 54N m™) were carried out
under sediment recirculation conditions (Table I). The flow was
controlled by a signal inverter connected to the pump. The
discharge was measured with a portable ultrasonic flow meter
(GE Panametrics PT878) within the inlet pipe. Water and
bed surface elevations were measured approximately every
30 minutes with a point gauge at 11 positions along the flume.
Bed shear stress was calculated from measured slope and
hydraulic radius, and corrected for sidewall effects. Long low-
amplitude sand sheets were observed only during runs with
higher flow rates and during sediment recirculation, and thus
the contribution of bedform drag to shear stress could be
reasonably neglected. The channel slope was held constant at
0-01 m m™" and the downstream adjustable weir was laid flat to
allow the flow depth to adjust naturally.

Measurements of the bed surface conditions

At the end and at various stages during each experiment, flows
were stopped and the flume drained in order to survey the bed
surface and to collect bedload samples. After this, the flow was
carefully restarted so that the influence of this procedure on the
bed topography was minimized. Eight detailed photographs
(area: 0-:20 m x 0-15 m) of the bed surface were taken along the
downstream half of the flume at fixed positions with a 12MP
digital camera. The bed surface grain size distribution was
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Table I.  Summary of tests conditions

Liquid discharge  Feeding Bed slope Flow depth Shear stress Dimensionless Solid discharge Duration
(Is™ conditions (mm™) (m) (N m™) shear stress @m’ s (minutes)
13-2 S 0-01 0-066 6-0 0-051 0-12 900
14-8 S 0-01 0-069 62 0-052 0-15 900
16-2 S 0-01 0-078 7-0 0-058 0-10 900
19-1 S 0-01 0-083 73 0-06 0-24 900
256 S 0-01 0-100 8:6 0-07 0-75 900
71 R 0-01 0-044 4-0 0-037 0-05 720
9-4 R 0-01 0-051 46 0-042 0-30 720
11-4 R 0-01 0-060 5-4 0-046 0-79 720
132 R 0-01 0-066 59 0-05 2-:08 720
14-8 R 0-01 0-069 61 0-051 2-80 660
16-2 R 0-01 0-078 7-0 0-06 4-96 660
191 R 0-01 0-083 7-3 0-061 20-87 600
256 R 0-01 0-100 8:6 0-077 52:57 480

Note: S, sediment starvation conditions; R, sediment recirculation conditions. Dimensionless shear stress is calculated as
™ =1/(s — 1)pgDso, where 7 is the shear stress, s is the ratio of sediment density p, to water density p, g is the acceleration due

to gravity.

derived using a point count technique, by digitizing the b-axes
of 80 particles located at the intersection of a grid super-
imposed on each of the photographs (i.e. point spacing of
20 mm; Figure 1). The presence of fine and coarse sand (clearly
distinguishable on the photographs) was counted but their
diameter was not measured. The overall grain size distribution
of the bed was obtained from an aggregate analysis of the eight
photographs, thus counting at least 600 clasts. Although this
method is potentially biased by grain imbrication and partial
hiding of some particles, the derived grain size distributions
has been shown to be comparable to area-by-weight samples
collected using a standard clay sampling technique converted
to bulk sample equivalents (Bunte and Abt, 2001). An attempt
to use automated methods for extracting grain size dimension
from images (e.g. Sime and Ferguson, 2003; Graham et al.,
2005) proved unsuccessful due to the bimodality of the grain
size distribution and the speckled nature of the coarsest
particles, which led to overfragmentation during the automatic
photograph analysis.

After the photographs were taken, the bed was surveyed
with a close range laser scanner (Scantron LMS6035S) at a
1 mm spatial resolution. By being controlled by an automated
traverse system, the laser allowed the acquisition of elevation

Figure 1. Single photograph of the bed (0:20mx0-15m) used to
derive the grain size distribution of the bed by digitizing the b-axes of
single grains identified using a superimposed grid. This figure is
available in colour online at wileyonlinelibrary.com/journal/espl

Copyright © 2011 John Wiley & Sons, Ltd.

points on an orthogonal grid. Using the same system, Rumsby
et al. (2008) reported that there are several potential sources of
error associated with laser scanning in a flume, ranging from
the height error related to laser accuracy and deviation from
the level of the traverse system, position error related to the
traverse system, and reflectivity error associated with surface
colour contrasts. Rumsby et al. (2008) developed a detailed
stepwise methodology for quantifying and managing errors,
and demonstrated the high elevation accuracy (about T mm
standard deviation) associated with the application of laser
altimetry in the same context.

The scans covered an area of 1-5mx0-2m located in the
downstream half of the flume. Repeat scans were taken each
time, and these were superimposed in order to eliminate missing
data points, which were always less than 5% of the total in a
single scan. Where data points were still missing, values were
interpolated using kriging in ArcGIS, without altering the
original measured data. The frame on which the positioning
system was located was parallel to the original bed slope, but as
the surfaces developed this was no longer the case and the data
had to be detrended in the stream-wise and lateral direction
using a linear interpolation to remove any spatial bias arising
from this divergence. The mean elevation was used as a false
zero and all elevations are expressed relative to this value.

Results
Bed surface grain size distribution

There is a significant increase in the grain size of static armour
layer with flow strength (Figure 2). The Dsq coarsens from 6-8
to 7-4 mm (Dg, increase from 10-6 to 11-5 mm) as shear stress
increases from 5-9 to 8 N m2. This is most evident in the Dg,
mainly because of the bimodality of the mixture. However, the
relationships between shear stress and both grain size
percentiles are significant (for Dso R*=0-859; standard error
0-406; and for Dg, R*=0-806; standard error 0-476 at
p<0-05). As a result, the coarsening trend is not as marked
as some of those previously reported (Church et al., 1998) but
is consistent with other observations (Proffitt, 1980; Gomez,
1994). Bed coarsening is due to selective transport of fine
sediments at flows below the threshold for entrainment of
larger grain sizes, such that the bed surface is winnowed of the
most easily moved fine sediment (Dietrich et al., 1989). This

Earth Surf. Process. Landforms, Vol. 36, 1321-1334 (2011)
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Figure 2.  Surface grain size distribution measured at the end of each experiment using eight photographs taken along the flume length. The plotted
error bars represent the standard error computed from percentile values calculated on single photographs. Dashed lines represent values of D5y and

Dg,4 of the bulk sediment mixture.

process continues until a static coarse surface layer develops,
preventing further sediment transport (Chin et al., 1994;
Church et al., 1998; Wilcock, 2001). During these experi-
ments, bedload transport decreased rapidly over the first two
hours, becoming negligible by the end of each run (Table I).
As expected, the experiments involving the recirculation of
sediments produce different results. The bedload transport
increases from 0-05 to 52:57g m™' s~ for imposed shear
stresses ranging from 4 to 8:6 N m=2 (7-1 to 25-61 s"). This
increase in transport rate is consistent with what has been
previously found in sediment-recirculation experiments of
Wilcock et al. (2001). The grain size distribution of the bed
surface coarsens under rising moderate shear stresses (Figure 2).
This effect is attributed to a kinematic sorting process (Parker and
Klingeman, 1982; Wilcock, 2001). The coarsening trend seems
to reverse (for both Dsy and Dg,) for higher flow strengths,
creating a slightly finer armour layer. The weakening of the
coarse surface at highest discharges has been observed before
(Wilcock and Southard, 1989; Wilcock, 2001), and has been
related to the passages of small migrating bedforms (sand
sheets), which can play a role both in localized break up of the
surface layer and in introducing uncertainty in the estimation of
the surface grain size distribution. Overall, the grain size of the

mobile armour layer is almost invariant with flow strength,
confirming the observations of Wilcock and Southard (1989)
and Wilcock (2001). The regressions between the shear stress
and the percentiles are in fact not significant for both Dsg
(R?=0-148; standard error 1-484) and Dg4 (R*=0-397; standard
error 1-156) at p<0-05. The grain size distribution of the
sediments transported during the recirculation experiments (Dsq
and Dg, calculated as a mean value of all samples collected
during the recirculation processes), appear to coarsen at higher
shear stresses (Figure 3), a trend consistent with previous
observations (Wilcock and McArdell, 1993; Wilcock, 2001).
The slight reduction of bedload size at the highest discharge
is probably due to the local and rapid break up and re-
establishment of the coarse surface which makes subsurface
sand available and causes the formation of small relief sand
sheets (Recking et al., 2009).

Probability density function of the bed elevations
The examination of the surface texture of the bed reveals

differences in the organization of the grains. Visual inspection
of the bed suggests that the static armour layer becomes
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Figure 3. Surface and bedload grain size for experiments under sediment recirculation conditions. The error bars represent the standard error

associated to each percentile value.

Copyright © 2011 John Wiley & Sons, Ltd.
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coarser and the grains more tightly packed at higher
discharges, and clusters of coarse particles tend to be aligned
in the direction of the flow (Figure 4). In contrast, mobile
armour beds created by similar flows appear finer with more
pore spaces between grains, and a lack of clusters amongst the
coarsest particles.

The probability density function (PDF) of the bed elevations
discloses interesting properties of the bed. The PDFs of the
static armoured bed at the end of each sediment-starvation run
are almost identical in shape and distribution (Figure 5). A
Kolmogorov-Smirnov test shows that all curves can be
described with a normal distribution (d ranging between
0:0257 and 0-0273). This suggests that there is a good deal
of similarity in the surface distribution of elevations and
organization of the bed surface despite the differences in
imposed bed shear stress and grain size distribution of the
armour layer. In, contrast the PDF curves for the mobile armour
beds are all bell-shaped but exhibit marked differences in their
distribution. All curves can be confidently described with a
normal distribution, but d ranges from 0:0205 to 0-0321. The
PDF curves of the bed surfaces created by the lower flow
strengths (7-11 s™'; 4N m™) are relatively high and narrow,
with a large number of data points very close to the mean
value. Conversely, the beds created under higher discharges
produce broader curves with greater deviation of the values
away from the zero central value.

Statistical properties of the bed

Figure 6 compares the main characteristics of the bed derived
from the analysis of the PDF curves of the bed elevation
measured during and at the end of each run. The standard
deviation of the bed surface elevations (0), which can be
interpreted as the characteristic vertical roughness length scale of
water-worked gravel beds (Nikora et al., 1998; Aberle and Smart,
2003; Aberle and Nikora, 2006) is very low (1-90 mm=0-23)
at time O (Figure 6) suggesting consistency in the bed preparation
between runs. During the non-recirculating experiments, the
standard deviation of the bed increases rapidly until reaching a
steady value during the second half of the runs (Figure 6a). The
final o attained by the beds ranges around 3-74mm, with
relatively little difference between the beds created by the range
of discharges (+ 0-27, Figure 7). The regression between the shear
stress and the standard deviation of the bed elevations is not
significant (R = 0-063; standard error 1-:209) at p< 0-05. Because
the standard deviation of the bed surface is a measure of the
vertical roughness length, it is surprising that static armour layers
created by different flow strengths have similar levels of bed
roughness, especially as the surface grain size tends to increase
with flow discharge (Figure 2).

Interestingly, mobile armours created by the sediment
recirculation experiments have different standard deviations
ranging from 2:64 to 5-73mm for the lower and higher
discharges, respectively (Figure 6b). Furthermore, the bed
appears to become significantly rougher when created by
higher shear stresses (R*°=0-644; standard error 0-879 at
p<0-05; Figure 7). In addition the highest formative discharges
produce rougher mobile armour layers than static ones even
though mobile armours have finer median grain sizes.

The range of the bed surface elevations K, which is a
measure of geometrical roughness and is calculated from the
fifth to the 95th percentiles of the distribution curves, shows
similar trends and differences between static and mobile
armour layers to those for o (Figures 6¢ and 6d). In fact, the
regression between the shear stress and the range of the bed
elevations is not significant (R?=0-087; standard error 1-194)

Copyright © 2011 John Wiley & Sons, Ltd.

for the static armour beds but is for the mobile armour beds
(R*=0951; standard error 0-324) at p<0-:05. The more
marked temporal variability of the range of values for the
mobile layers further reveals that coarser particles are mobile
and also more exposed to the flow.

The skewness of the bed elevation distributions is strongly
negative (around —0-66) for the manually created screeded
beds (at time 0 in Figures 6e and 6f), confirming the findings of
Nikora et al. (1998) and Cooper and Tait (2009). Positive
skewness has been previously associated with water-worked
and well armoured bed surfaces (Nikora et al.,, 1998; Marion
et al,, 2003; Smart et al.,, 2004; Aberle and Nikora, 2006;
Cooper and Tait, 2009). The distributions for the surfaces
created during the non-recirculating experiments are general-
ly positively skewed, reflecting the effects of armouring
(Figure 6e). Skewness rapidly becomes positive, and then
maintains a near steady value during the evolution of the
armour layer, in spite of some minor adjustments. This reflects
temporal changes in surface organization and is a function of
the rapid decline in bedload transport rate during the early
stages of surface development. The final value of skewness is
also significantly higher for the static armour layers created
with higher flow strength (R*=0-944; standard error 0-255 at
p<0-05). In contrast, mobile armour layers are characterized
by a lower values of skewness and a lack of correlation with
the forming flow strength.

Overall analysis of the basic statistical properties of PDFs seems
to suggest that higher discharges create coarser static armour
layers but maintain a relatively constant roughness. In contrast
mobile armour layers are characterized by relatively constant
grain size distributions, a wide range of o and lower skewness.

Second-order structure functions

A two-dimensional second-order structure function (or semivar-
iogram) of the bed surface elevations is now used to better assess
the degree of surface particle organization. Structure functions are
used to assess the correlation between elevations at various spatial
scales and in different directions. They have been successfully
used to analyse gravel bed surfaces in previous studies (Goring
et al., 1999 Butler et al., 2001; Marion et al., 2003; Smart et al.,
2004; Aberle and Nikora, 2006; Cooper and Tait, 2009). The
structure function Dy(l,,l,) of bed surface elevation z(xy) is
defined as:

1 N-n M—m

Db(/x7 /y) = W i§1 /‘; "

{z(xi + néx, y; + mdy)—z(xi, y;) }2

where I, =né, and |, =mé, are spatial lags, nand mare multiplying
coefficients for the spatial lags, 6, and 8, are the sampling intervals,
and N and M are the total number of measured bed elevations in
the stream-wise x and cross-stream y directions, respectively. For a
globally homogeneous random field, the second-order structure
function has the following relationship with the correlation
function R(l,1,):

Dy(ly, 1) =2[0" = R(ly, I,)] )

This shows that at large spatial lags when R(/,,/,) >0 and
Dp— 20” the data are spatially uncorrelated and the lags at
which D, — 262 can be used to derive characteristic stream-
wise and cross-stream length scales (Nikora et al., 1998; Aberle
and Nikora, 2006).

Two-dimensional second-order function surfaces are derived
for all the experimental gravel beds. Figure 8 shows the results

Earth Surf. Process. Landforms, Vol. 36, 1321-1334 (2011)
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Figure 4. Digital elevation models of the bed surface for the static bed and mobile armour beds (above and below, respectively) created by a low
flow (13-21s7", on the left) and by a high flow (25-61 s, onthe right) obtained using the laser scanner (1 mm spatial resolution). The direction of the
flow is left-to-right. Two close-range digital elevation models (DEMs) show an elongated cluster of grains in the static bed (on the left), and exposed
and isolated coarse grains in the mobile bed (on the right) created by the highest flow.

for static and mobile armour layers obtained for two different
discharges (13-2 and 25-61 s7'). These surfaces relate to those
illustrated in Figure 4. The structure functions are plotted in
terms of Dy,/207 versus the spatial lags in the stream-wise (/) and
cross-stream directions (I,). Low values of Dj,/26” correspond to
high levels of correlation between elevations in a given
direction, whereas at higher values of D,/207 the degree of
correlation decreases. Approaching unity, the bed elevations
have no correlation at the range of the spatial lag and the bed
surface topography can be considered random in organization

Copyright © 2011 John Wiley & Sons, Ltd.

with respect to the reference point (x;, y;). Generally, the curves
in Figure 8 follow similar patterns to those previously observed
(Butler et al., 2001; Nikora and Walsh, 2004; Aberle and
Nikora, 2006; Cooper and Tait, 2009). At small spatial lags the
curves can be described with a power function between
Dyl 1,=0)/267 and > and a function between D(l,=0,1,)/
20” and I, (Nikora et al., 1998; Aberle and Nikora, 2006). At
this limited spatial scale the scaling region is identified and H is
called the scaling or Hurst exponent. At larger spatial lags the
structure functions are curved in the so-called transition region,

Earth Surf. Process. Landforms, Vol. 36, 1321-1334 (2011)
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horizontal axis represents a relative time (one the duration of each run) and the values in the legend are the steady discharge (in | s7) that created the bed.

and eventually approach the saturation region where Dp/2¢7
reach unity (Nikora et al., 1998; Nikora and Walsh, 2004;
Aberle and Nikora, 2006). The saturation region is approached
by all but a few cross-stream structure functions, confirming that
the scanned area is wide enough (0-2 m) Figure 8 reveals that

Copyright © 2011 John Wiley & Sons, Ltd.

the structure function on the cross-stream direction plots is
higher and reaches a quasi-steady value at larger lags than in
the cross-stream directions for both the static and mobile
armours. Also, curves are lower for the static armour beds
created at low discharges (1321 s7") and higher for the static
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armour bed created at higher discharges (25:61 s™'). Interest-
ingly, the opposite appears to be the case for the mobile armour
layers (Figure 8). Differences among curves can be assessed by
comparing the extent of the scaling region, expressed in terms
of the H exponent (Figure 9). This is particularly convenient
because it can be considered a measure of the complexity of
bed elevations, with topographical complexity varying inversely
with H (Bergeron, 1996). The scaling exponent increases with
rising discharges in both stream-wise and cross-stream direc-
tions for the static armour layer. This compares with the results
of Aberle and Nikora (2006), who confirm that, at higher forming
discharges, the static armour becomes less complex because the
concentration of coarser particles create a  smoother surface.
The scaling exponent is bigger in the stream-wise (H,) than in the
cross-stream (H,) direction.

For the mobile armour layer, it is interesting to note that the
scaling exponent is variable but does not increase consistently
at higher forming discharges. This suggests that mobile armour
layers maintain a similar topographical complexity which is
not strongly dependent on discharge. If the cross-stream direc-
tion is considered, the mobile armour appears to be slightly
more complex than the static one created by the same dis-
charge (Figure 9). No consistent difference is found in the
stream-wise direction. This suggests that topographical differ-
ences in complexity between static and mobile armour layer
are predominantly in the cross-stream direction.

10 g i
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Figure 8.

D,/20°

The difference in the spatial lags at which D,,/267 approach
unity defines the lower limit of the saturation region (Nikora
et al.,, 1998), and can be used to assess differences in the
correlation length scales of the bed surface elevations. The
stream-wise and cross-stream correlation lengths for the static
and mobile armour surfaces are very similar (Figure 10). This
suggests that the differences in cross-stream surface complexity
are not due to differences in this scaling but are caused by a
difference in arrangement of the roughness elements. Interest-
ingly, the correlation length scales are shorter for static armours
created at higher discharges.

Figure 11 is designed to help visualize the differences in
correlation between elevations (see Butler et al., 2001; Nikora
and Walsh, 2004; Aberle and Nikora, 2006). They are
isopleth maps of the two-dimensional second-order structure
function D(l,1,)/26°. The isopleths of the two-dimensional
structure function for static armours (Figures , 11a, 11c and
11e) are mainly characterized by an elliptical shape
elongated stream-wise. This anisotropic shape is evident at
lags comparable with both grain and larger scales, confirming
the prevalent alignment of both individual particles and
clusters/micro-bedforms in the direction of the flow (Marion
et al., 2003; Aberle and Nikora, 2006; Cooper and Tait,
2009). Similar shapes and orientations characterize all static
armour beds, but clear differences in the degree of anisotropy
are difficult to distinguish. Because similar anisotropic shapes
are evident at the grain scale in Figure 11, it is probable that
individual grains are aligned preferentially in the same direc-
tion for both static and mobile armour layers. This contrasts
with previous observations that, for mobile armour layers,
grain long axes are preferentially aligned perpendicular to
the flow (Nikora et al., 1998; Nikora and Walsh, 2004). This
may be explained by the finer grain size distribution used in the
current experiments. However, it is evident that the anisotropy
at cluster and bedform scale is stronger in the static than in
the mobile armour layer for the same discharge (Figure 11).
Furthermore, mobile armour layers have elliptical and diamond
shape isopleths orientated in the cross-stream direction which
begin at scales of ~6Ds. This indicates the presence of particle
structures with their long axes oriented across the flume
and could reveal the presence of complex, diamond-shaped
structures.

Surface slope and aspect
The slope and aspect of each cell (dimension T mm > 1 mm) in

the detrended elevation model of the bed surfaces are cal-
culated using the elevation of the adjacent cells (3 mm >3 mm

104 1
1a) Q=25.61s
LE
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] — Mobile x
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0.01 1 L R A A o e e e e e
1 10 100 1000 10000
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Second-order structure functions of the bed surface elevations for the static (grey lines) and mobile armour layers (black lines) created

using (a) a low discharge (13:21s™') and (b) a higher discharge (25-6 1 s™). Solid and dashed lines refer to structure functions calculated in the stream-

wise and cross-stream directions, respectively.

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 9. The scaling exponent derived for the stream-wise (H,) and
the cross-stream (H,) directions on both static and mobile armour beds.

interrogation area). The aspect is the direction of the maxi-
mum cell slope within the interrogation area. Figure 12a
shows the distribution of cell slopes on bed surfaces scanned
during one static armouring run (256 | s'), revealing that there
is a progressive increase in the proportion of cells with steep
slopes. Static and mobile beds do not appear to differ
substantially in terms of slope angles, but the static armour
layers has a higher proportion of cells with steep slopes
(Figure 12b). Higher discharges tend to increase the number of
cells with steep slopes for both static and mobile beds. This
reflects the positive skewness of the bed elevation distributions.
The combined analysis of cell slope and aspect does not reveal
a distinct difference between static and mobile armour beds in
terms of preferential grain orientation. This further supports the
results discussed earlier and shown in Figure 11.

Discussion

Bed surface grain size distribution and statistical
properties of the bed

The results show that the grain size of static armour layers
coarsens with shear stress due to a process of selective
transport and confirm the evidence of Wilcock (2001). The
dimensionless shear stresses calculated for the Dsq of the static
armour layers (z'so = 7/jps — p)gDso, Where 7 is the shear stress,
ps and p are sediments and water densities, and g is the
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Figure 10.
mobile armour beds.
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acceleration due to gravity) range between 0-05 and 0-07. This
range is larger than those typical for incipient motion (= 0-04)
suggesting that the condition of negligible sediment transport is
attained by both surface coarsening and by the development of
surface structures of interlocked grains or clusters. This imparts
additional strength to the bed surface, so increasing the
threshold for sediment entrainment. A similar higher range of
dimensionless shear stress (= 0-08) was reported by Church
et al. (1998). In contrast, the grain size of the mobile armour
layer is almost invariant with flow strength. Again, this is
consistent with previous reports (Wilcock and Southard, 1989;
Wilcock, 2001).

The analysis of the probability density functions of the bed
elevations reveal consistent differences between static and
mobile armour layers. The standard deviations of the static
armour layers are all similar, even though the grain size of the
bed tends to increase with flow strength. This suggests that
sediments which form static armour layers are compacted,
highly imbricated, and single, coarser clasts protrude little from
the surrounding bed. This is reflected in similar o values
independent of grain size, suggesting that similar transport
conditions (i.e. zero transport) are associated with similar levels
of resistance. These findings contrast with those of Aberle and
Nikora (2006) who highlight a strong correlation between o
and Dsq (or Dgy). This discrepancy may be ascribed to these
authors reporting the development of static armour layers,
created for the same bed by increasing flow discharges. This
differs from the present study in which each armour bed had
been created using a single, steady flow from a screeded, flat
bed. A further difference is the grain size distribution of
sediments used in the present study which is finer and more
bimodal than those used by Aberle and Nikora (2006). This
can mean that the use of median percentiles to describe grain
size distributions becomes unreliable (Sambrook Smith et al.,
1997) and may result in differences in the behaviour of
sediments during entrainment (Kuhnle, 1993; Wathen et al.,
1995; Allan and Frostick, 1999; Frostick et al., 2006).

For mobile armour layers, the relatively invariant grain sizes
and increasing standard deviation with flow strength is
surprising because static armour layers are more stable than
mobile ones, and an increase in stability is often associated
with an increase in roughness (Figure 6a). This would suggest
that bed roughness may not be the most suitable parameter for
assessing bed stability as other factors such as grain exposure
and organization have a significant influence. In the case of the
mobile armours, the bed may not coarsen as discharge
increases, but roughness increases as the bed becomes more
poorly organized and as coarse clasts are increasingly more
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Correlation length scales of the bed surface elevations in the stream-wise L, (a) and cross-stream L, (b) directions for both static and
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Figure 11. Examples of isopleths maps of the two-dimensional structure functions for the static (on the left) and mobile (on the right) armour beds
created with rising armoring discharges [13-21s™", (a and b); 16:21s™, (c and d); 25:61 57", (e and f)].

exposed. This is because the coarse grains are actively
transported. The difference in mobilization of larger size
fractions could provide an explanation for the increase in
bed roughness with imposed flow discharge. This is in
agreement with the flume experiments of Wong et al. (2007)
who, at mobile-bed equilibrium, observed an increase in the
standard deviation of bed elevation values with the applied
shear stress.

Second-order structure functions

Analysis of the scaling exponent of the structure functions as a
proxy for the complexity of the bed surface suggests that static
armours become less complex at higher discharges due to the
fact that the surface is smoother. In contrast, mobile armour
layers created by different shear stresses maintain similar
levels of complexity. The correlation length scales of the bed

Copyright © 2011 John Wiley & Sons, Ltd.

elevations are shorter for static armours created at higher
discharges. This supports the suggestion that static armours
formed by rising discharges are characterized by smaller
structures. This is possibly due to the immobility of coarser
particles and/or due to smaller grains filling the interstices and
rendering the surface smoother (lower o) and less complex
(higher H,). In contrast, the correlation length scales of mobile
armour layers increase with discharge. This suggests that larger
bed features and structures form at higher discharges probably
due to the higher mobility of coarser grains. The vertical
correlation length scale o is less than half the horizontal
roughness length scale for both the static and mobile armour
layers, which supports similar observations for natural gravel-
bed rivers (Nikora et al., 1998).

Further evidence of differences between static and mobile
armour layers are provided by isopleths of the two-dimensional
structure function. For static armoured beds these indicate the
presence of clusters and micro-bedforms structures oriented in

Earth Surf. Process. Landforms, Vol. 36, 1321-1334 (2011)
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Slope distribution of cells on a surface progressively armoured by a discharge of 25:61s™ (a) and slope distribution of static (solid lines)

and mobile (dashed lines) armour layers at the end of experiments conducted with 256 and 16-2 | s (b).

the stream-wise direction, whereas for mobile armour layers the
particle structures are oriented with their longest axes across
the flume. The differences in the statistical properties of the
distributions of bed elevations between the two types of layer
seem to reflect differences in the alignment of multi-particle
structures not the organization of individual grains. A precise
classification of the shape of clusters in the bed has not been
attempted because of the relatively limited number of scan
measurements available and the use of one grain-size distribu-
tion. However, given that the clusters are particularly important
for their influence on flow resistance and sediment transport, a
detailed classification of their occurrence and dynamics under
different hydraulic and sediment supply and grain size
conditions could support field-based studies trying to relate
clusters with sediment transport dynamics in gravel-bed rives
(e.g. Strom and Papanicolaou, 2009; Hendrick et al., 2010).

Differences between development of static and
mobile armour layers

These experiments confirm that higher formative discharges
result in coarser static armours due to selective entrainment of
coarser particles from the bed surface. However, the results
show that coarser static armours are characterized by similar
vertical roughness and positively skewed PDFs, both of which
indicate that during the armouring process the finer particles
tend to fill the gaps between the coarse clasts, reducing the
magnitude of bed elevations, especially those below the
average bed level (Figure 13). The process of coarsening with
flow strength produces surfaces characterized by lower
complexity. This is due to the fact that smoother surfaces of
coarse particles tend to create a less complex surface than a
large number of finer elements (Aberle and Nikora, 2006). The
analysis of cell slopes further indicate that during the static
armouring process the grains tend to become packed and more
imbricated. Furthermore, isopleths of the second-order struc-
ture functions reveal that coarser and smoother static armours
created by higher discharges are characterized by lower
horizontal correlation length scales. This correlation is evident
at a scale comparable with multi-grain structures, suggesting
the presence of smaller surface structures oriented to the
direction of the flow. The fact that the size of surface structures
diminishes at higher discharges is consistent with the
progressive smoothing of the bed as immobile, coarse clasts
are progressively enclosed by smaller particles which reduces
their protrusion (reducing vertical roughness length) creating
small, elongated structures.

Mobile armour layers created under sediment recirculation
conditions are fundamentally different from their corre-
sponding static layers (Figure 13). Mobile armours differ in

Copyright © 2011 John Wiley & Sons, Ltd.

the response of their surfaces to increases in flow discharge.
Grain size remains constant while armours become progres-
sively rougher, suggesting that clusters/multi-grain structures
grow. This is because at the higher discharges more coarse
particles are transported, causing the formation of isolated and
exposed coarse grains and larger scale clusters (Figure 13).
However, the complexity of the surface of the mobile armour
layers changes very little. Unlike static armours, mobile beds
are characterized by the presence of particle structures
oriented preferentially cross-stream. This contrast in the way
in which the two types of armour layer respond to rising
discharge reveals that they form in completely different ways.

Overall, the main reason for the difference between
properties of static and mobile armours is the transport of the
coarser fraction of sediments. This reduces to zero during the
final stages of static armour formation but is high, especially for
the higher flow strengths, throughout the sediment recircula-
tion experiments. The immobility of coarse particles on the
static armours allows finer fractions to infiltrate the surface
voids and thereby reduce both their exposure and the shear
stress acting on them. Conversely, on the mobile armour the
coarse fractions are actively transported and remain protruding
into the flow, increasing the vertical roughness scale relative to
a static armour (Figure 13). Further investigations focused on
the geometry of exposure of the coarsest grains (either isolated
and organized in clusters) and their spatial distribution could
provide further insight into the stability of the bed particles and
feedback with the hydraulics.

Implications for field based-studies

Numerous recent studies have used terrestrial laser scanning to
analyse the geometrical characteristics of exposed surfaces in
gravel-bed rivers (Nikora and Walsh, 2004; Heritage and
Hetherington, 2007; Entwistle et al., 2007; Hodge et al., 2009).
Most of these studies report a consistent correlation between
grain size (Dsq and Dgs) and the standard deviation of surface
elevations (Nikora et al., 1998; Aberle and Nikora, 2006).
Recent work of Heritage and Milan (2009) also show the same
strong relationship for different patches on a gravel bar.
However they found that the slope and intercept values of
the fitted linear regression lines varied between the patches,
suggesting that there is no one, unique relationship due to
variations in the degree of burial, packing and imbrication. The
variation was suggested to be caused by differences in bed
geometry. Also there was noticeable departure in the data from
these lines at higher values of standard deviation and grain
size. Also, analysing the gravel bars of two rivers in the UK,
Hodge et al. (2009) found a direct relationship between
laser-scan derived roughness and Dsp, but with consistent
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Figure 13. Conceptual sketch of the differences between static and mobile armour layers created by different flow strengths.

discrepancies between different fluvial systems. In the present
study the variation of standard deviation of bed surfaces are
consistent with the ongoing processes (static/mobile armour),
but not with the derived grain-size. Overall, it seems that the
grain size is an inappropriate descriptor for bed roughness (see
also Nikora et al., 1998; Aberle and Smart, 2003).

Lane (2005) stressed the need to consider roughness as a
complex expression of topographical variability of bed surface
at multiple scales rather than being simply related to grain size.
In fact, roughness can only be characterized by considering
grain shape, orientation, bed arrangement, as well as
concentration and geometry of features on the bed surface,
alongside grain-size distribution (Nikora et al., 1998). Cooper
et al. (2008) examined some of these issues by investigating
how the surface organization of gravel beds influenced flow
resistance and spatial heterogeneity in the near-bed flow. They
achieved this by first forming a static armour layer in which the
prevalent orientation of the grains and microtopographic
structures were in the direction of the flow and then rotated
this same bed by 90°. This effectively formed a mobile armour
layer with preferential alignment in the cross-stream direction,
but the same statistical and grain-size properties as the static
armour. Their results showed that there was a greater near-bed
flow retardation and flow spatial variability [evaluated through
spatially-averaged stream-wise velocity profiles and distribu-
tions of form-induced stress obtained from particle image
velocimetry (PIV) measurements] over the rotated bed. The
results indicate that some representative surface grain-size and
bed surface roughness height cannot accurately account for
the resistance imposed by a water-worked gravel bed on the
flow. In fact, the results show that the pattern of grain
orientation has a measurable influence on the flow roughness.
This provides some indication of how our observed differences
in two types of armour layers may influence the near-bed flow.

Because the surface-grain size is a well used and convenient
parameter often adopted to calculate sediment incipient
motion and transport, further investigations are needed into
the grain-size/roughness relationship in fluvial systems. The
results in the present paper suggest that this needs to be carried
out under different sediment supply conditions, as well as for
sediments with different shapes, sizes, sorting and organiza-
tion. However it seems even more important to focus future
research on field-based assessment of bed stability, sediment
transport conditions and flow resistance related to the three-
dimensional properties of gravel bed surfaces.

The present study reveals that differences between static and
mobile armour layers could be detected by analysing simple
statistical moments [e.g. standard deviation (o), skewness (Sk)]
and second-order structure functions. This outcome needs to
be further explored in flume studies using both coarser and
more poorly-sorted sediment grain-size mixtures. However, it

Copyright © 2011 John Wiley & Sons, Ltd.

reveals the potential of and need for using relatively rapid
terrestrial laser scanning to unveil dominant sediment transport
processes and for modelling flow resistance in gravel-bed
rivers. This requires verification in the field to establish whether
substantial differences in roughness, imbrication and orienta-
tion at the grain- and cluster-scales (as seen by Hodge et al.,
2009) correspond to significant differences in sediment
transport dynamics, supply conditions, transport rate, and
armour ratio. Laser scanners suitable for use in the field can
capture up to 10 000 points per m? with high accuracy (three-
dimensional location errors<0-:02m; Heritage and Milan,
2009) and can characterize roughness elements at the grain-
scale (Hodge et al., 2009). They have the potential to identify
differences between static and mobile armour beds at the scale
established in this study.

Conclusions

Flume experiments conducted under contrasting conditions of
sediment starvation (zero feeding) and sediment recirculation
confirm that static armour layers are coarser than mobile ones
formed under similar flow conditions. Increasing flow strengths
create coarser static armours, whereas the coarsening of the
mobile armour layer is rather insensitive to the imposed flow.
Analyses of detailed laser scans of the bed reveal that static
armours created by rising discharges display only limited
variations in vertical roughness length scale, despite the greater
surface grain size. This is likely to be due to the highly
structured and imbricated nature of static armour layers. In
contrast, mobile layers created under higher discharge condi-
tions exhibit larger vertical roughness due to greater particle
exposure and poorer organization and imbrication. This is
despite the fact that the surface grain size remains fairly
constant regardless of discharge. A two-dimensional second-
order structure function analysis of the bed surface elevations
shows that the static armoured bed becomes less complex and
features smaller cluster structures at higher discharges because
coarser particles create a smoother surface. In contrast, mobile
armours formed by higher discharges are more topographically
complex. Given the relatively fine grain-size distribution of the
sediment mixture used in the study, the analyses show sig-
nificant differences in the organization and orientation of
micro-bedform structures, but not at the grain-scale. In both
static and mobile armours single clasts are oriented preferen-
tially in the direction of the flow. Overall, the results suggest
that detailed elevation models of surfaces of gravel-bed rivers
could provide important insight into changes in surface texture
and structure, allowing inferences to be made relating to the
sediment supply and transport conditions, and flow regimes in
gravel-bed rivers.
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