Variation of stream power with seepage in sand-bed channels
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Abstract

Downward seepage (suction) increases the mobility of the channel. In this study, experimental investigations were car-

ried out to analyse the suction effect on stream power along the downstream side of the flume. It was observed that stream
power has a major influence on the stability and mobility of the bed particles, due to suction. Stream power is found to be
greater at the upstream side and lower at the downstream side. This reduces the increment in the mobility of the sand parti-
cles due to suction at the downstream side. Thus, there is more erosion at the upstream side than the downstream side. It was
also found that the amount of deposition of sand particles at the downstream side, because of the high stream power at the
upstream side, is greater than the amount of erosion of sand particles from the downstream side.
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Introduction

A study of the effect of seepage flows on the detachment of
particles from the bed and on further movement of the bed load
is of great interest, since this problem is related to the solution
of important practical engineering problems. For instance,
groundwater movement plays an exceptionally important role
when constructing hydraulic structures, particularly dams;
these concepts are important when solving problems of the
stability of dams and channel slopes. Seepage through bounda-
ries is common due to porosity of the granular material as well
as due to level differences between groundwater and surface
water in the channel. The presence of seepage from a channel
(termed suction), or into it (termed injection), leads to a change
in bed deformation conditions and consequently in the hydro-
dynamic channel characteristics (Dobroklonskii et al., 1976).
Due to injection the channel receives more water, whereas

due to suction its discharge is reduced. The issues relating to
whether seepage reduces or enhances sand-bed stability are
still matters of considerable debate (Lu et al., 2008). However,
Willets and Drossos (1975), Maclean (1991), Rao and Sitaram
(1999) and Rao and Sreenivasulu (2009) suggest that suction
increases bed material transport, whereas injection reduces
sediment transport and increases particle stability, or does not
aid in initiating their movement. Oldenziel and Brink (1974)
and Maclean (1991) found experimentally that the streamwise
velocity decreases in the upper portion and increases near the
bed due to downward seepage or suction. Ali et al. (2003) and
Cheng and Chiew (1999) studied the effect of downward seep-
age on the velocity profile and found that there is an increase
in the near-bed velocities due to downward seepage. However,
as suction increases the bed material transport, it is felt that
there is a need to assess the spatial behaviour of the downward
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seepage along the length of the channel, as this would be more
beneficial for field engineers. Whether that position is defined
in topologic, geometric or flow-regulated terms, the most strik-
ing element of fluvial change occurs in the downstream direc-
tion (Knighton, 1987; 1999).

Stream power has a significant influence on many form
and process attributes of the fluvial system (Fonstad, 2003).
Bagnold (1963; 1966) expressed the basic relations between
work, energy expenditure of a stream and quantity of sedi-
ment transported by the stream, in terms of stream power,
as the supply energy for the sediment’s motion in a water
stream. Phillips (1989) found that the stream power provides
a physically-based measure of sediment transport capacity.
Lawler (1995) found this quantity useful in describing particle
entrainment. Magilligan (1992) and Lecce (1997) found that
spatial patterns of stream power influenced the processes and
extents of fluvial erosion, transport, and sediment deposition.
Abernethy and Rutherford (1998) used stream power indices to
describe patterns of bank instability. Baker and Costa (1987)
and Wohl (2000) used stream power as a measure of channel
mobility thresholds.

Stream power has a relationship with the transport of sedi-
ments in fluvial bed channels (Martin and Church, 2000; Petit
et al., 2005; Lima, 2007). The spatial patterns of stream power
may be used to assess the spatial distribution of stream energy
during suction.

Therefore, the purpose of this paper is to determine or
assess spatial variation of stream power when downward seep-
age is taking placed in the sand-bed channel.

Methods

One approach to studying the problem of alluvial channel sta-
bility is by means of a set of laboratory experiments. In order
to quantify the seepage effect on stream power and downward
variation of stream power, experiments were conducted in a
rectangular smooth-walled sand bed tilting flume. The dimen-
sions of the flume were: 25 m length, 1.8 m width and 1 m
depth. A schematic view of the tilting flume is shown in
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Schematic diagram of experimental setup

Fig. 1. The seepage length of 20 m was facilitated from the
downstream end towards the upstream end. The upstream

tank was 3 m long, 3.8 m wide and 3.7 m deep and served to
straighten the flow prior to its introduction into the flume.

The downstream collection tank was 3.4 m long, 2 m wide and
1.63 m deep. In a re-circulatory mode, the downstream tank
served as storage as well as a measuring tank for the water
flowing through the flume. A uniform sand bed (0.3 m) of par-
ticle size 0.56 mm was laid on a perforated sheet at an elevated
level from the channel bottom and covered with a fine wire
mesh (to prevent the sand falling through) to facilitate the seep-
age flow through the sand bed. The gradation coefficient was
1.08, therefore the sand can be assumed to have been composed
of fairly uniform material. The space between the perforated
sheet and the channel bottom acted as a pressure chamber to
allow seepage flow through the sand bed, either in a downward
or an upward direction, by creating a pressure difference which
was either lower or higher, respectively, than the channel flow.
A valve located at the downstream end of the chamber was
used to apply the controlled amounts of seepage as suction.
After applying seepage to the channel bed, the downstream dis-
charge was measured volumetrically with the help of an inter-
val timer; the difference in the discharge (upstream discharge
and downstream discharge) is the seepage discharge. A mag-
netic flow meter was also installed to cross-check the seepage
discharge. Experimental ranges of the measurements taken are
given in Table 1.

Initially, the sand bed was made level for all of the experi-
ments with a required bed slope, S . Two different bed slopes
(0 and 0.00133) were used. Then inflow discharge, Q, is
allowed. This run was continued for several hours (4 to 8 h) so
that the channel geometry and the longitudinal slope adjusted
to the point where there is no visible sediment movement in the
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Table 1
Experimental ranges
Q(m¥s) | g(m?¥s) | Average S, Average

y (m) S,
0.042 0 0.1126 0 0.000209
0.042 0.0084 0.107 0 0.0002
0.042 0.0168 0.1 0 0.000197
0.042 0.0252 0.092 0 0.000199
0.042 0.336 0.082 0 0.000211
0.029 0 0.066 0.00133 0.00012
0.029 0.0058 0.051 0.00133 | 0.000115
0.029 0.116 0.041 0.00133 | 0.000113
0.029 0.174 0.035 0.00133 | 0.000115
0.029 0.232 0.032 0.00133 0.00121

channel. After reaching this stable condition, seepage flow, ¢
(suction), was slowly allowed. Before and after the application
of seepage, the water surface slope was obtained by using a
Pitot tube and micro-manometer. The Pitot tube was attached
to a trolley; by moving the trolley, the static pressure was
measured at different locations by connecting the static pres-
sure slot to the capacitance micro-manometer (Rao, 2005),
with an accuracy of £0.015 mm of water head. Measurements
were taken at regular intervals along the channel by using

a digital micro-manometer, in order to determine the water
surface slope, S,. Flow depths along the central line of the
channel were measured at regular intervals using a point gauge
and the average depth y was obtained. The amount of Q was
measured volumetrically and ¢ (seepage flow) was measured
with calibrated magnetic flow meter. The amount of seepage
flow was varied from 20% to 80% of the total inflow discharge.
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Thus, the basic variables, S, O, ¢, S, and y, were obtained in
every experimental run. A tailgate at the downstream end of
the channel was used to adjust and maintain the flow depth.
Pressure tapings were provided at some sections inside the sand
bed to measure the seepage gradients and verify the uniformity
of seepage flow.

Results and discussion

A stable relationship between sediment transport and flow can,
at best, only be expected in a situation where the mechanisms

controlling sediment transport are dependent only on the rate of

flow of water in the channel and on seepage occurring through
the channel. Thus, it is felt that the ‘stream power concept’

is more appropriate for describing seepage-induced incipi-

ent motion in an alluvial channel. Stream power is the energy
available to transport sediment (Velikanov, 1954; Bagnold,
1966). Given basic knowledge of a stream cross section, it is
possible to compute the stream power per unit boundary area
for a range of flows. In functional form, stream power of the
channel per unit width and unit length of the channel can be
expressed as follows (Petit et al., 2005):

y 9 h
B L

Stream Power =Q = T, u 0]
where:

y = unit weight of water

QO = discharge in the channel

h fis the energy loss over a given reach of the channel

B is the channel width

L is the channel length

7, is calculated as yR,S,, where R, is the hydraulic radius of
the bed and S, is the friction slope. The stream power can be
expressed in dimensionless form by dividing z,u with
(y,—y)v, where y_the specific weight of sediments and v is the
kinematic viscosity of the water and is expressed as:

T, U
(ri=nrwv
The gradually varied flow equation (Chow, 1959), with energy/

momentum correction factor as unity, is used in computing the
S, as follows:

Qs = )

S,= S F*+S, (I-F) 3)

where:
F = Froude number = u/\/gy.

Thus by knowing S, the bed shear stress, 7, is computed by the
following relation:

T, =y R, Sf O]

R, value can be computed by using Vanoni and Brooks (1957)
wall correction formula. Pitot tube has been used for meas-
urement of velocity using a digital micro manometer. As S is
fixed in an experiment, stream power is greatly influenced by
the parameters S and y. Thus it is interesting to analyse the
behaviour of these 2 parameters when uniform suction is taking
place in the channel. Figure 2 shows the water surface slope
variation over the channel length for different suction rates.

As shown in Fig. 2, when the suction takes place and
its quantity gets increased, it is found that the water surface
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Figure 2a
Downstream behaviour of water surface slopes (S, = 0.00133)
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Figure 2b
Downstream behaviour of water surface slopes (S, = 0)
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Figure 3a
Flow depth variation in sand bed channel affected by seepage
(S,=0.00133)
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Figure 3b
Flow depth variation in sand bed channel affected by seepage
(S,=0)

slopes criss-cross the no-seepage water surface slopes. At

the upstream end, water surface slopes get reduced because

of erosion taking place at that section. and vice versa for the
behaviour at the downstream end. The erosion and deposition
behaviour should also affect the flow depth, shown in

Fig. 3. The effect of bed suction on the velocity distribution was
studied numerically by Prinos (1995). Prinos (1995) studied

the effects of bed suction on the structure of turbulent open
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channel flow by solving the Reynolds averaged Navier-strokes
equations. Prinos (1995) found that the suction significantly
affects the mean flow characteristics. The near-bed velocities
are increased with increasing suction rate, as well as the bed
shear stress. The excess bed shear stress resulting from suction
is calculated as the order of 3 to 8 times the excess bed shear
stress, when compared to the no-seepage value. The turbulence
levels are greatly reduced with increasing suction rate. This
will result in lower flow depth when suction is taking place in
the channel, as shown in Fig. 3. Experimental observations in
the form of Eq. (3) along the length of the channel are plotted in
Figs. 4a and 4b.

It can be seen from Fig. 4 that, in general, stream power
varies nonlinearly downstream due to suction, and stream
power always decreases towards the downstream side of the
channel. This may be due to loss of kinetic energy while
travelling through the downstream side; also, stream power
has to spend some of its energy in erosion or deposition of the
sediment particles. As shown in Fig. 4, stream power is greater
at the upstream side when compared to the downstream side;
erosion will take place at the upstream side. Eroded particles
resulting from the higher stream power at the upstream side
have to be deposited somewhere; this happens at the down-
stream side of the channel because of lower stream power.
Here, it can be supposed that the channel is in 2 distinct
regimes, erosion zone and deposition zone; however these
zones will depend upon prevailing hydrodynamic parameters.
The eroded material from the upstream side is deposited at the
downstream side and the channel takes longer to clear this sedi-
ment because of the reduction in stream power at the down-
stream end. At the same time the sediment inflow process is
continuous from upstream to downstream and hence the bed
level rises continuously. Bed levels rise progressively towards
the downstream end leading to aggradation, shown in Fig. 5.
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Sectional channel bed levels

Figure 5 shows that erosion and deposition of sand particles
takes place at the upstream and downstream ends, respectively.

Given the results presented, frequent failure of reservoirs
can be explained. As shown in Figs. 4 and 5, deposition in the
downstream side reduces the channel capacity.

Conclusions

The presence of downward seepage or suction alters the sedi-
ment transport characteristics of sand-bed channels; hence,
seepage effects should be considered in channel design. Suction
decreases the flow depth of the channel. Analyses of experi-
mental observations show that, in the presence of suction,
stream power varies non-linearly in the channel. It has been
found that stream power decreases in a downstream direction
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due to suction, which indicates that higher stream power
prevails on the upstream end. The upstream side of the channel
gets eroded due to higher stream power. At the downstream
side of the channel, stream power is lower, thus deposition
takes place. It can be concluded that deposition taking place at
the downstream side will reduce the carrying capacity of the
channel.
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