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Abstract - Stabilizing the banks and bed of the river is one of the
most important problems in river engineering. This importance
arises from the scouring of the banks and bed of a river
impacting on hydraulic structures and the aquatic environment.
In this study, both experimental and numerical techniques were
employed to analyse concave, convex and sine bed sills. It was
found that in concave bed sill vortices develop at the banks and
transfer sediment particles to the middle of the channel,
conversely in a convex bed sill vortices develop at the centreline
and move sediment to the banks. The experimental results also
confirmed that the maximum scouring depth occurred at
locations where vortices develop for the concave and convex bed
sills. This caused stability of the channel centreline for concave
bed sill when compared to the convex bed sill. Result for convex
bed sill showed stabilization at the banks by creating minimum
depth of scouring at the banks of the channel. Since both concave
and convex bed sills stabilize bed at centreline or banks only, a
sine bed sill is also proposed in this study to protect both banks
and centreline. The sine shape bed sill was also tested in this
study and the results showed that it is very effective for the
stability of both centreline and banks.
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1. Introduction
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River bed stability is not the only a problem in
river management but also a creation of riverine habitat
for fishes and aquatic ecosystem. Consequently, recent
river restoration techniques have developed as
important environmental protection to prevent scouring
or to exclude sediment from the water [11, 12, 18, 25].
Bed and bank erosion is a common cause of river form. It
is due to the flow variation in the river channel
particularly during flood events. When flow just
overtops the main channel, the dominant flow causes a
change in river pattern [4, 10]. Protecting the bed and
banks of river against changes requires a river
management plan and a designed river training
mechanism. The bed of the river is very susceptible to
erosion due to high shear stress at the bed particularly
around bridge piers [14, 15, 16, 19, 21], therefore
improved protection of bed river is essential. To alleviate
this, training works must be carried out to decrease the
possibility of bed erosion.

The most beneficial solution to confront the
problem of scouring at the bed is using bed sills. Some
studies by [1] and [17] have shown that bed scouring
downstream of a rectilinear sill in a hydraulic jump
creates maximum scouring hole at the downstream of
the rectilinear bed sill. They showed that at equilibrium
condition, turbulence intensity was very high in the
scouring hole and they proposed two equations for
estimation of maximum scouring depth. The maximum
scour downstream of large hydraulic structures in rivers
was measured [22, 23]. Some studies by [2], [5], [7], [8]
and [24] have also shown bed scouring around
rectilinear bed sill that constructed at right angle to the



flow direction under different flow conditions. In the
above studies it was found that a consistent scouring
depth created transversely at downstream of a
rectilinear bed sill. Additionally, in a work by [3], the
scouring at downstream of multiple bed sills with
different horizontal distances have been studied and
finally proposed a non-linear regression relationship to
determine maximum depth of scouring.

An experiment study showed that bed scouring
downstream of rectilinear bed sill with different
distances and under steep bed slope exhibited a non-
linear regression relationship from which maximum
depth of scouring could be determined [9]. In a
comprehensive experimental program, the scouring hole
around different types of bed sills was tested and
concluded that concave bed sill produced minimum bed
scouring at the centre of the channel whereas convex bed
sill produced minimum bed scouring occurred at the
banks [11]. Their results were verified by testing nine
different models of bed sills including rectilinear, convex,
concave and tilted fixed to the flow direction. Some
studies by [13, 20] have shown the impact of shape and
adjustment of bed sills on the bed and bank scouring at
the downstream of the bed sills. The measurement of
bed scouring at the downstream of bed sills showed that
the maximum amount of scouring at the banks of the
channel occurred by concave bed sill whereas the convex
bed sill had the maximum amount of scouring at the
centreline of the channel. Furthermore, the stabilization
at the bank and at the centre of channel observed at the
downstream of butterfly, wing shape and sine bed sills.
The location of maximum depth of scouring depends on
their shapes and adjustments.

The pattern of flow and turbulence structures in a
scour hole downstream of a submerged weir was
examined also by [6]. The results showed that flow
structure changed near the structure at downstream of
submerged weir, where a large vortex area and flow
reattachment area were formed. The above study
showed that flow regimes over the weir were
independent of the sediment size at the bed, and also
flow regime could be defined as a function of upstream
Froude number and weir height to tail water depth ratio.

With regard to the complication of flow structure
around each type of bed sill, it is essential to focus on

both experimental and numerical analysis of flow
structure in order to assess the flow patterns and their
influences on the bed and the banks of channel
Accordingly, a comprehensive research program has
been done in an erodible bed to evaluate the flow
structure at downstream of different bed sills.

2. Materials and Methods

A set of experimental tests were undertaken in a
non-recirculating mobile bed glass flume with length,
width and depth of 15 m, 0.7 m and 0.6 m, respectively
(Figure 1). The length of test section was 3 m and was
located 7 m from the inlet. The bed of the flume was
covered with 120 mm uniform sand particle with D5 0
equals to 0.78 mm (CU =1.42 and Cc= 0.97). Figure 2
shows grain size distribution of bed material used in this
study. Table 1 shows the flow conditions for data set of
experiments. Figure 3 demonstrates the three different
types of bed sills. These three types include, concave,
convex and sine shaped bed sills. These bed sills were
installed at the bed of flume to inquire the influence of
each type on erosion of the bed and the banks of the
channel. Each experiment was operated for about 18 to
24 hours to achieve equilibrium condition. Moreover, a
digital roughness meter was used to measure the bed
scouring in a grid. The water depth inside the flume was
controlled by a gate at the end of the flume. Furthermore,
measurement of the flow rate and velocity were made by
a pre-calibrated V-Notch and Micro-ADV, respectively.
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Figure 1. Schematic of the experimental flume used in this

study.
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Figure 2. Grain size distribution of bed material used in this study.
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Figure 3. Schematic patterns of all bed sill models.

Table 1. Flow condition in the experimental tests, maximum scouring, cells and errors.

Model Flow Velocity (m/s) Cells Zs (m)
depth(m)
Concave(M) 0.06 0.32 299003 0.094
T=0.25
Convex(N) 0.07 0.26 221790 0.052
T=0.25
Sine(A) 0.073 0.30 286666 0.083
E=1P=1

3. Experimental Results

The concave bed sill is shown to be effective in
reducing the erosion at upstream and to stabilize the
central section downstream of the bed sill. Therefore,
use of concave bed sill has led to the formation of
scouring hole at the banks of the channel. In addition, the
scoured bed profiles at Y/W=0.5, 0.29, 0 are shown in
Figure 4a for concave bed sill. Figure 4a confirms that the
maximum scouring depth occurs at the banks of the
channel while the channel centreline has the minimum
scouring depth. However, the convex bed sill showed an
opposite and very different result (see Figure 4b). The
profile of convex bed sill at distance Y/W=0.5, 0.143, 0
from the wall is presented in figure 4b. Figure 4b shows
that the maximum scouring depth occurred at the centre
of the channel. It can be observed that the middle part of
the channel with convex bed sill has a maximum scouring

depth. By moving away from the banks of the channel,
the depth of scouring increases. It is mostly
recommended for protection of upstream and banks at
downstream of the bed sill. Furthermore, the convex bed
sill makes an aquatic habitat at its downstream. As
mentioned above, the use of concave or convex bed sill
may stabilize either centre or banks of a channel.
Nonetheless, a combination of concave and convex bed
sills referred to as sine bed sill may help to protect both
centre and bank of the channel. A sine bed sill is a
concave bed sill surrounded by two convex bed sills at
the sides as it is shown in figure 3. The results of scouring
profile for Y/W=0.5, 0.215, 0 for sine bed sill are
presented in Figure 4c. It is obvious that the max
scouring depth is located at 0.15 meters interval from
the walls.



The three dimensional pattern of bed scouring and  concluded that not only the pattern of the bed scouring
also the contour lines of scouring at the downstream of = and maximum scouring hole occurred in very different
the bed sill models are presented in Figure 5. According  pattern but also the scouring holes were formed at
to the results of the experimental study, it can be differentlocations for different bed sill models.
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Figure 4. Comparison of bed scouring profile at the centreline, bank and between them for; a) Concave, b) Convex and c) Sine
shaped bed sill models used in the experimental tests.
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Figure 5. Contour lines and 3-D plot of bed topography after equilibrium scouring condition for; a)Concave, b)Convex and c)
Sine bed sills (Tests M, N and A).



4. Numerical Model

In this study, a software package was used to
simulate the flow pattern around different types of bed
sill (Figure 3). In order to simulate flow structure, the
topographical dimensions of scouring pattern were
transferred to the software. Then the model was
imported into the software. Mathematical model is based
on continuity and momentum equations. To determine
the free surface of flow, a VOF model was used. In this
study, only k-&¢ turbulence model was used for

calculation. To reduce computing time, only a certain
section (test section) of the channel was simulated. The
test section was selected at a location which is far from
inlet to have a fully developed flow at the test section.
Also the flume was long enough to have no downstream
effect on flow at the test section. Figure 6 illustrates that
a structure and unstructured mesh was used in each
model with a mesh study used to select the most effective
mesh. Boundary conditions include the entrance section,
output section, walls and free surface of the boundary.
The applied boundary conditions are shown in Figure 7.

Figure 6. Grid of simulation domain.
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Figure 7. Boundary condition of simulation domain.



5. Error Criterion
Average Relative Error (ARE) formula was used to
evaluate the numerical and experimental models.

Equation 1 shows the relative error between
experimental and numerical results.
k—e (D

e
n

ARE = %100

In which k=simulated numerical data, e=experimental
data and n=number of total data.

6. Results and Discussion

In this study, the numerical analysis is done for
only one type of Concave, Convex and Sine bed sills
hereafter referred as M, N and A as labelled in the set of
experimental tests. The concave bed sill protects some
sections of the channel by creating vortices at the bank.
These vortices transfer the sediment particles to the
middle section of the channel. The flow condition is
presented in Table 1. Figure 8 represents the velocity
contours in longitudinal and transverse sections of the
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channel. In Figure 8, it is obvious that by receding from
the wall, the negative velocity decreases constantly and
this phenomenon transfers the sediment particles
towards the centre of the flume. Moreover, the
longitudinal section illustrates a growth in separation
zone by approaching from middle to the banks of the
channel. Therefore, strong vortices are created at the
banks of the channel. This process increases the scouring
hole in this zone. Also as it is mentioned earlier in this
paper, the convex bed sill has an ability to stabilize the
banks of the channel by transferring the sediment from
the centreline with transition of vortices in the middle
towards the banks of the channel. The longitudinal
section shows that by approaching towards the centre of
the channel, the separation zone increases. The sine bed
sill is a combination of convex and concave bed sills,
therefore enables to protect banks and the centreline. It
moves vortices away from the wall but not to the
centreline. The numerical analysis indicates that the
maximum scouring depth location is between the wall
and centre of the channel. Figure 8 illustrates the
longitudinal section of velocity contours. It is proposed
that the Sine bed sill has a minor separation zone at the
banks of the channel which increases by approaching
towards the centre of the channel.
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Figure 8. Contour lines of velocity from side view for; a) Concave, b) Convex and c) Sine bed sills.

Figure 9 illustrates the X-velocity contours for the
concave and convex cases. Maximum velocity occurs at
the bank for concave bed sill, however maximum
velocity occurs at the centreline of the convex bed sill. As
a result, the concave bed sill stabilizes the centreline
while the convex bed sill stabilizes the banks. However,

10

the sine shape bed sill is recommended to use when it is
needed to stabilize the banks and centreline
simultaneously because the locations of vortices are
mainly at both centre and at sides of the channel.
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Figure 10 shows pressure gradient for the three
bed sill models. As shown in the figure, maximum
pressure occurs at the banks, centreline and the area
between these two zones related to concave, convex and
sine bed sills, respectively. This indicates that the zones

: } Pressure(pa)

a) Concave (M)
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with maximum scouring had the maximum pressures.
The Sine bed sill is the most effective bed sill for
stabilizing banks and centre line. Figure 11 shows the
extension of vortices of different bed sills looking
upward from the bottom of the channel.
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Figure 10. Contour lines of pressure for concave, convex and sine bed sills for a) Concave, b) Convex and c)
Sine bed sills.
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7. Model Validation simulation models. Figure 12 shows the results of

Three simulation models were used in this study.  velocity validation for all types of bed sills. The result
Table 2 shows the percentage of errors between shows that for Sine model, the model prediction is very
experimental data and the numerical results from the  close to line 1:1.
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Table 2: Error analysis for different models of bed sill.

Model Error (%)

Concave 8.6

Convex 10
Sine 5.3

8. Conclusion

The concave bed sill creates a major separation
zone, scouring and vortices at the banks of the channel.
The movement of sediment particles to the centreline is
due to the transportation of bank vortices to this zone.
As aresult the centre of channel is stabilized. In contrast,
the convex bed sill makes the separation zone, scouring
and vortices at the middle section of the channel.
Stabilization of the banks occurs at the banks with
movement of vortices towards the walls. According to
the results, in concave bed sill by moving away from the
walls, the negative velocity decreases constantly and it
transfers the sediment particles towards the centreline
of the flume. Also the maximum amount of scouring was
found near the banks of concave bed sill (Y/W=0) and
location of maximum scouring depth in sine bed sill was
at 0.15m (Y/W=0.215) distance from the banks.
Furthermore, in the convex bed sills maximum depth of
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scouring was at the centreline (Y/W=0.5) of the channel.
Therefore, selection the type of bed sill depends on
location of protection work. According to the results, the
maximum and minimum scouring depths were produced
by concave and convex bed sills, respectively. However,
the sine shaped bed sill enables to protect bank and
centreline and it is recommended to use when it is
important to stabilize simultaneously banks and
centreline sections.

Notation
The following symbols are used in this paper:

K = simulation data
e = experimental data

n = number of total data



Zgs = Maximum scouring depth

W = Width of the channel

dso = Median particle size

T = The arch distance of the circular bed sill

E and P = The diameter of convex and concave bed sills of
sine bed sills, respectively

Y= Transverse direction

M= Cancave bed sill

N= Convex bed sill

A = Sine bed sill

CU = Coefficient of uniformity

Cc = Coefficient of curvature
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