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ABSTRACT

This paper reports on a laboratory experiments in which a bimodal sediment bed was exposed to an antecedent flow
hydrograph followed by a stability test. The applications of these hydrographs were intended to observe the development
of bed surface structures after certain duration of exposure by the flow. Probability distributions of  bed surface
elevations was carried out to estimate the level of grain exposure and the variations of  bed surface level. Bedload
transport rates were also observed to obtain correlation with the changes in bed topography. The results suggest the
changes in bed topography from original condition to the final form. It is evident that the bed surface structure has
changed considerably during antecedent flow in which the average bed surface elevation decreased by almost 2.792 mm.
Highly exposed areas appeared on the bed after antecedent flow test were removed and no longer exist after stability test.
At this stage further erosion continued but with a mere 11.82 % decreased in the bed surface elevation. This indicates the
level of erosion during antecedent flow test was significantly different than that during stability test. This study also
reveals that the transported bedload during the stability test was dominated by grains in the coarse mode.
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INTRODUCTION

Changes in bed topography are subjected to
the erosion and sediment transport processes.  The
evolution of a streambed, both in composition by
size fraction and variation in elevation with time, is
determined not only by the magnitude of the total
sediment discharge, but also by how much sediment
in each size fraction is transported by the flow
(Karim, 1998). In order to fully characterise a gravel
bed surface, some researchers have claimed that the
measurement of bed texture is necessary as well as a
grain size distribution analysis. However, it appears
unlikely that the grain size distribution of the bed
surface can be linked directly to its surface
topography as the bed topography of a surface will
also be dependant on the flow history and the type
and amount of sediment moved over it (Furbish,
1987). Natural streams exploit widely graded
materials to create critically stable conditions on the
bed, but the condition is not simply maintained
because of the fluctuating flows (Church et al, 1998).
It is believed that the degree of structural
development depends on the history of recent flows.
Therefore the effect of flow history may be important
on the behaviour of bed material transport in natural
rivers. The grain size distribution of surfaces gives
indirect indications of the relative proportions of
sheltered to sheltering grains. Topographical
measurements will hopefully indicate the potential
for nearbed flow adjustment and the degree of
efficiency of the sheltering bed features.

LITERATURE REVIEW

Many attempts have been carried out to
formulate direct measurement and quantitative
characterisation of bed surface topography (among
others are Furbish, 1987 and Kirchner et al, 1990).
Parker (1996) published a set of speculations
concerning the relation between flow mechanics and
river channel morphology in the hope of encouraging
research on this subject. Gyr and Muller (1996) tried
to investigate the interaction between flow, bedforms
and sediment transport by a feedback loop, where the
flow changes the bedforms by means of sediment
transport, and bedforms represent a boundary
condition for the flow with its coherent structures.
According to Church et al (1998), Shields (1936)
controlled the effect of surface structure by creating a
uniform particle arrangement prior to taking each set
of measurements by using narrowly graded materials
and by following the same starting procedure for
each run. If particle arrangement is held constant,
bed strength is a reliable function of particle weight,
and if it is not, the development of an interlocked
structure dominates the bed strength in mixed size
sediments. Several techniques have been evaluated
by De Jong (1992) for measuring micro and macro-
roughness over mobile gravel-bed boundaries, both
before, during and after flood flows. Observation by
Church et al (1998) suggested that stable and
reticulate stone cells developed on the bed surface in
cobble-gravel streams, with relatively widely graded
sediments. These structures promoted streambed,
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and therefore channel stability by dramatically
reducing the transport of bed material. However, a
range of material sizes is obviously necessary for
recognisable structures to develop.

Under a wide range of flow conditions, the
transport of heterogeneous sediment leads to the
development of a bed surface that is coarser than the
subsurface bed material. This coarse surface layer is
normally called a bed armour surface. The
prevalence of bed armour in gravel bed rivers has led
to interest in the evolution of stable armours (Parker
and Sutherland, 1990). Regarding the stable armours
evolution, Gomez (1994) found that the development
of a stable armour is normally associated with the
winnowing of fine grain sizes from the bed. Armour
layers also formed under conditions of partial
bedload transport, in which the composition of
transported fraction is not the same as the bed
surface composition (Saadi and Tait, 2001).

The bed is said to be armoured if the
concentration of immobile material is dense enough
to stabilise the bed surface and prevent the further
removal of any of the finer underlying material (Bray
and Church, 1980) or in some circumstances the
transport rate is reduced to zero (Tait et al, 1992).
Armouring process is possibly occurred at
sufficiently low shear stress where only part of the
smaller grain sizes has been removed.  As the result
of this removal, coarser material will accumulate in
the  surface layer, which is  protected from
further erosion at the prevailing flow condition.

At this point the bed has developed a stable
armour coat. The stable grain can not be found in the
condition that the critical shear stress higher than

the critical value, is applied to the bed, e.g. during
flood in natural rivers. The erosion process will
continue until for some reason the shear stress is
reduced. If the constant discharge is applied to the
laboratory flume, the erosion will eventually lead to
a reduction of the bed slope (Gessler, 1991).  As the
consequences the bed shear stress will drop to some
extent allowing the stabilisation process become
possible.

Development of surface structure is self-
organised and its timescale, which occurs at
relatively low rates of sediment transport, is long in
comparison with typical fluctuations in water
discharge. Most of the time, conditions are either
subcritical, in the sense that the flow is insufficient to
disturb the bed significantly, or the stresses applied
by the flow create a transient situation in which the
bed is adjusting toward a new critical state. A
consequence is that most gravel bed streams are
probably not in equilibrium with imposed flows of
typically limited competence (Church et al, 1998).
There is a lot more work to be done on the subject of
water-sediment interaction and resulting
morphology.

EXPERIMENTAL WORKS

The experiment were carried out in a re-
circulating glass sided tilting flume with 18.4 m long,
0.5 m wide and 0.5 m deep. The changes of bed
surface structure were observed by measuring the
elevation of the bed surface at a large number of
points on an orthogonal grid of 280 by 180 mm.

Figure 1. Laser Displacement Meter (LDM) in use
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The laser displacement meter traversed the grid at
1.0 mm intervals both in streamwise and lateral
directions where bed position reading was taken
(Figure 1). This interval was selected in order to
cover the close range of the bed surface variations.

The primary requirement used to select the
sediment mixtures for this experiment was that the
mixture must have a range in grain sizes and must be
similar in nature to the natural sediment that exist in
many rivers. The mixture has two modes with finer
mode and coarse mode being at approximately 0.355
mm and 5.60 mm. The geometric standard deviation
is 3.42 and d50 is 5.19 mm. No sediment was input at
the upstream inlet to the flume. The concept was to
carefully place the mixture from the electric mixer.
       The mixing time was long enough to produce a
well-mixed sediment bed. The changes in the bed
surface structure were analysed based on the bed
elevation data obtained from the measurement. The
topography of the bed surface were measured before
and after the antecedent flow applied to the bed.
These were compared with the final measurement
after stability test. The hydrograph used for the
antecedent flow was a three-hour steady flow with
constant discharge of 0.0338 m3/s. The stability of

the beds was observed by the application of a shorter
hydrograph with one-hour increasing limb followed
by another hour of declining flowrate with a
maximum discharge of 0.0375 m3/s.

RESULTS AND DISCUSSION

Bed Surface Changes
The observations show the changes of bed topo-

graphy in the measurement grid from original bed
condition to the final form. The patterns of changes
can easily be recognised by looking at the
represented plot of bed surface for each stage of
experiments (see Figure 2, Figure 3 and Figure 4
respectively). The bed surface seen in Figure 2
shows little valley formed bed formation. This
observation possible because of the spacing
measurement of 1 mm allowed the bed surface
elevation to be plotted in more details so that small
differences in the bed surface are visible. The
average bed surface level of original bed is 1.923
mm above the arbitrary zero datum.

Figure 2. Original bed surface topography of the measurement grid
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Figure 3. Bed surface topography of the measurement grid after antecedent flow test

Figure 4. Bed surface topography of the measurement grid after stability test
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It is clear in Figure 3 that the original bed has
eroded and the bed surface structure has changed
significantly during antecedent flow. The bed surface
topography after steady antecedent flow test formed
diagonal patches. Different bed surface formations
than that in the original bed become apparent
particularly elongated valleys and peaks are
established in  the  measurement area. The average
bed surface elevation is 0.869 mm below the zero
datum, which means the average bed surface level
decreased by almost 2.792 mm from the average
original bed level. Figure 3 also shows the
irregularity in the erosion processes with some small
areas of higher elevation indicating the presence of
several isolated larger grains. A valley existed on the
bed surface after antecedent flow in the area of 125
to 200 mm in streamwise direction (x-direction) and
50 to 75 mm in lateral direction (y-direction). After
the application of the stability test to this bed, a
similar pattern was observed in which diagonal
patches were also formed. The bed features were
observed to be continually developing to some extent
as further erosion continued. The fluid forces were
still able to remove grains with an increasing
proportion in the fine mode. Some of these grains

were transported downstream and trapped in the
collection box whilst other grains, mainly coarse,
moved in a rolling fashion and changed the surface
of the adjacent area. As the result of erosion process
during the stability test, lower bed surface elevations
were found over the area of existing valley (Figure
4). It is also noticed that highly exposed areas that
were appear on the bed formed by antecedent flow
test, e.g. at point (100,150) and (200,125) in Figure
3, were removed and no longer exist after stability
test (Figure 4). The higher flowrates during stability
test not only removed high exposed grains but also
produced exposed areas at different points within the
measurement grid.   However, it is very clear from
all figures that the level of erosion during antecedent
flow test was different than that during stability test.
Three hours of antecedent flow armoured the bed to
some extent so that the stability test unable to erode
and change the bed surface topography to the same
extent as the antecedent flow test have had to the
original bed.  The average bed surface level of the
final bed is 1.199 mm below the zero datum, which
means the average bed level decreased 0.330 mm
during the stability test.

Figure 5. Probability distribution of bed surface elevation about zero level

Given that limited information available from
visual examination to the figures of the bed
topography, a probability distribution analysis of the
bed surface elevations was then carried out in order
to estimate the level of grain exposure and the
variations in bed surface level. Figure 5 and Figure 6
show the bed surface level evolution during the
experiments. It is realised that a shortcoming of this
method arises from difficulties in comparing the

level of variation of the bed surface between
different  time.  The plot  of  Figure 5 indicates the
level  of  degradation with zero as the datum for all
distributions.  Another method is then applied by
examining the distribution of deviation of bed
elevations from the mean bed surface with the mean
level being taken as the zero datum at each time
(Figure 6). The use of this reference level which has
no major physical significance may cause all grains
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within a particular area of the bed to be positioned
above or  below the mean  bed surface  even though
when examined in detail they may occupy very
similar topographic positions in relation to their
immediate neighbours. However this method still
allows the differences in the bed surface arrangement
to be examined by comparing the shape of
distribution for different stages of the experiment.

It is apparent that the bed elevation
distribution curve of the original bed is not
symmetrical. The distribution skews to the right
indicating the domination of positive bed elevation.
After the bed exposed to three hours of antecedent
flow the shape of distribution changes. It skews
dramatically to the left. A substantial amount of bed
material has been transported during antecedent flow
test (see Table 1). The distribution is now quite
symmetrical in shape. However there is a large tail
on the positive side started about 4 mm above the
mean level (Figure 6). This  tail indicates the
presence of a  number of

isolated larger grains resting on the bed surface.
At the end of stability test, the bed surface

elevation distribution indicates that further and
different degradational processes occurred. The
number of both large positive and negative bed
elevations from the mean increases. An increase in
exposure of large grains was continued during
stability test. However, the level of increase is
relatively small in comparison to antecedent flow
test. This is caused by the degradation processes that
was continued but without any replacement of fine
material to fill the gaps. This phenomenon is
reflected by the  changes in the negative tail which is
evident at the end of stability test. In the previous
antecedent flow the changes are very small
indicating that there were many fine grains filling
gaps on the bed surface.

Figure 6. Probability distribution of bed surface elevation about mean level

Stability of the Beds and Mode of Transport
The different levels of transport rate during the

stability test indicated the influence of flow duration
of antecedent flow test. It is found that the beds
formed by a constant flowrate with a relatively short
duration of 3 hours were very weak. The stability
tests show that after certain duration of antecedent
flow, the transport rate decreased in the subsequent
hydrograph. The amount of bedload  transported
during stability test is 872.58 grams (0.638 g/s/m).
Different level of bedload transport rate during
antecedent flow and stability test correlates with the
changes in bed topography. It was suspected that the

application of a relatively high constant discharge of
the antecedent flow to freshly laid bimodal sediment
beds has a different effect on the coarse and fine
modes of transported sediment. Bedload collected at
10-minute intervals were sieved to show the changes
in the amounts transported in each mode. It is evident
that this sieving analysis applied to the transported
bedload produced by steady antecedent flow tests
show a pattern of change. At the end of the
observation grains in the coarse mode were slightly
more transported than grains in the fine mode (Table
1).
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This is believed to be due to the artificial nature of
the initial bed. After stability tests the bed
topographies are seen to have produced small
changes although the amount of bedload transported
in the stability tests were higher than in the
antecedent flow experiments. This is the
characteristic of the intense transport processes that
were followed by re-organisation of bed surface.
Peak flowrates roughly removed the grains but
decreasing flowrates in the declining limb changed
the movement. The grains started to move in a
rolling  fashion allowing the valleys to be re-filled
again. Eventually the bed topography is seen to have
small changes in its pattern.

Normally when a constant flow discharge is
applied, the transport rate, with no upstream
sediment feed, is a function of time. The transport
rate is expected to decrease rapidly and then remain
at a low value. In this case the amount of bedload
may be higher for the longer duration of experiments

but this is not as a result of any increase in the
transport rate. This is because after a set time the bed
had reached an armoured stable condition and very
low transport rates existed.  However the application
of relatively high flowrates of 0.0338 m3/s
continually imposed the bed. Further erosion took
place and considerable amount of grains in the fine
mode were transported. If there is an increase in the
amount of grains in the coarse mode transported at
this stage, it was because of the transported finer
grains changed the surface of “initial stable bed” and
increased the exposure of larger grains to some
extent. Table 1 shows that during the stability test the
grains in the coarse mode dominated the transported
bedload. The contribution of this mode in transport
almost threefold than the contribution of the fine
mode. This is understandable as it reflects the
influence of peak flowrates of 0.0375 m3/s in
destabilising the armoured bed structures.

Table 1.  Summary of transported bedload during the experiment

Bedload transport Mass and proportion of modes
Fine mode Coarse modeHydrograph Mass

(g)
Rate

(g/s/m) (g) (%) (g) (%)
Antecedent flow 496.930 0.242 191.282 38.493 198.300 39.905

Stability test 872.58 0.638 191.120 21.880 549.500 62.97

The disruption caused by the higher flowrates
in the stability test is also believed to characterise the
changes in the bed surface elevations. The bed
surface distribution curves before and after stability
test are relatively similar compared to the
distribution of original bed surface (see Figure 5 and
Figure 6). This is very interesting because of the
amounts of material transported during the stability
test was considerably higher than that transported
during the antecedent flow test. It is believed that the
disruption not only eroded and then transported the
bed material downstream, particularly the exposed
grains, but also deposited the material from the
upstream part. This suggests that the level of bed
stability also appeared to be linked to the bed surface
topography. The more stable beds were characterised
by a closer distribution of bed surface elevations
before and after the stability test (Figure 6). These
identical bed surface distributions indicated that the
variations of peaks and valleys are relatively balance
before and after the stability test.

CONCLUSIONS

The bed topography plots indicated that different
level of decreased in the average bed surface level
were produced by the series of applied hydrographs.

A considerable decreased of 2.792 mm in the bed
surface elevation was found at the end of the
antecedent flow whilst during the stability test the
average bed surface level decreased only 0.330 mm.
This reflects the ability of antecedent flow
hydrograph to enhance the level of stability that the
bed surface decreased only 11.82 % during the last
hydrograph.
       Different levels of bed stability are clearly
shown by the curve of probability distribution of bed
surface elevation both about zero and mean level.
The shape of distribution curve changes in which the
original bed surface elevation curve skews to the
right with noticeable gaps. Smaller differences in the
probability distribution curves of bed surface
elevation before and after the stability tests correlates
with the increasing level of bed stability.

It is believed that during antecedent flow grains
sorting occurred simultaneously to characterise the
development of the bed surface structure. This is
indicated by the bed surface coarsening which is the
accumulation of larger particles on the bed surface
whilst the smaller or finer grains lay beneath them.
The increasing level of exposure of coarser grain
contributed to the mode of transport in the stability
test where almost 63 % of grains in the coarse mode
were transported.
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RECOMMENDATIONS

Further study of the phenomena associated with
the development of bed structures is eagerly awaited
to reveal a satisfactorily parameterisation of the
aspect of the sediment transport problem. The
measurement should cover the intermediate and
longer duration of antecedent flow hydrograph to
identify how the bed stabilises as well as how the
period of destabilisation is affected.  The bed
topography plot could only be used to recognise the
general pattern of erosion without detailed
information on the protrusion of individual grains
relative to adjacent grains or surrounding areas.  It is
therefore envisaged that the available data could be
re-examined using sophisticated methods to quantify
the spatial distribution of grain protrusion.
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