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Experimental study of local scour around T-shaped spur
dike in a meandering channel
Ravi Prakash Tripathi and K. K. Pandey

ABSTRACT
A spur dike is mainly constructed as a river-training structure and is primarily used to prevent bank
erosion. The restriction to ﬂow caused by the construction of a spur dike promotes local scour
around the structure. In the case of a dike placed in a channel bend, the scour becomes more
aggressive. The literature review found that the research work related to local scour around a spur
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dike located in a meandering channel is very limited or minimal. Therefore, an experimental
investigation was conducted to study the local scour process around a T-shaped spur dike placed at
different locations along the outer bank (or concave) of a reverse-meandering channel. Nondimensionalized empirical equations for temporal and maximum local scour depth were developed
as the function of the Froude number of approach ﬂow and spur dike location. It is observed that
local scour around the dike increases with the increase in Froude number and location in the
meander (measured from the entry to meander). The formulation for the maximum scour depth was
further evaluated with the experimental data related to the 180 bend, from literature, and it was
found that the proposed equation’s application is very much limited.
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HIGHLIGHTS

•
•
•
•

Scour process is studied around T-shaped spur dike located in reverse meandering
channel.
Various factors affecting scour such as Froude number of approach ﬂow, time of scouring, and
spur dike have been evaluated and studied in detail.
Empirical relations have been developed to estimate temporal and maximum scour depth.
Some experimental observations regarding ﬂow pattern and bed topography has been discussed.

NOTATION
V

approach ﬂow velocity

S0

bed slope

W

channel width

ds , dsm

temporal and maximum scour depth respectively

L

length of spur dike

d50

median grain size

Rc

central radius of the bend

g

acceleration due to gravity

l

wing length of spur dike

t, te

time of scouring and time taken to reach
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approach ﬂow depth

α

angle of spur dike with bank
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μ

dynamic viscosity of the ﬂuid

ρs

density of sediment

∅

friction angle of sediment

θ

location of spur dike in the bend
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In case of the spur dike located in a channel bend, the
complexity of ﬂow patterns around the structure increases
manifold and hence the scour around it. The complexity
arises due to spiral ﬂow, transverse rotational ﬂow, and secondary ﬂow caused by the centrifugal force (Pandey et al.
a). In general, the outer bank is subjected to scour
while the inner bank is subjected to sediment deposition,

INTRODUCTION

which gradually transports downstream to form small
ridges (Fazli et al. ; Ghodsian & Vaghefi ; Vaghefi

A spur dike is a hydraulic structure protruding outward from

et al. ). It has been observed by many researchers like

the bank into the channel, and is primarily used as a river-

Fazli et al. (), Ghodsian & Vaghefi , and so on

training structure. It deviates the current or ﬂow stream

that the scour hole extends to the inner bank when the

from the bank and hence safeguards the bank from erosion.

length of the spur dike reaches 20% of the channel width.

The restriction to ﬂow caused by the spur dike increases the

Fazli et al. () conducted an experimental study on the

depth of the main channel (upstream). It enables easy navi-

scour and ﬂow ﬁeld around a straight spur dike placed in

gation, ensures adequate water supply and uniform ﬂow

a 90 ﬂume bend and reported that the maximum scour

discharge, and promotes aquatic ecosystems. In the case of

depth increases as the location of structure shifts towards

a spur dike constructed in a channel bend, it prevents the lat-

the exit of the bend (from the entry to the bend). Fazli

eral migration of the outer bank.

et al. () further concluded that the maximum scour

In general, the spur dike restricts the ﬂow in the channel,

depth increases with the increase in the Froude number of

and hence distorts the ﬂow ﬁeld around itself. This distortion

the approach ﬂow and spur dike location. Similar results

in the ﬂow ﬁeld (or current ﬁeld) creates high turbulence in

were also reported by Masjedi et al. (a, c, ),

the region around the structure. The presence of boundary

and Rashedipoor et al. () for a spur dike located in a

layers, along with adverse pressure, complicates the ﬂow

180 channel bend. Vaghefi et al. () conducted an exper-

characteristics around the spur dike. It results in signiﬁcant

imental investigation to study the scour around a T-shaped

scouring around the structure. Hence, it becomes essential to

spur dike placed in a 90 bend and observed two main

evaluate the local scour (or maximum scour) around the

scour holes; one forms upstream, near the nose of the

spur dike or other hydraulic structures (Pandey et al. b,

wing of the spur dike, and the other forms downstream at

c, a, b; Singh et al. ; Pu et al. ). Signiﬁcant

a distance from the structure. The amount of scour upstream

researches like Chabert & Engeldinger (), Gill (),

of the T-shaped spur dike is much higher than that at its

Chiew (), Kothyari & Ranga Raju (), Melville (),

downstream (Vaghefi et al. ). For a constant width of

Kwan & Melville (), Pandey et al. (), Pu & Lim

channel, Vaghefi et al. () reported that the maximum

(), Pu et al. (), Pandey et al. (a, b), Choufu

scour depth increases with a decrease in l=L and Rc =W,

et al. (); Pourshahbaz et al. (), Singh et al. () and

where W and Rc are the channel width and central radius

so on, had been done in the past, related to the local scour

of the bend respectively; L, and l are the length and the

around the hydraulic structures such as bridge piers, abut-

wing length of the spur dike respectively. For the spur dike

ments, and so on, located in the straight channel. The

located in a 180 bend, similar conclusions were made by

various factors or parameters that inﬂuence the local scour

researchers such as Masjedi et al. (a, b, c, )

around the structure have been studied in the past. These par-

and Rashedipoor et al. (). For a T-shaped spur dike

ameters include the geometry of channel and spur dike,

placed in a 90 channel bend, Vaghefi et al. () established

approach ﬂow condition, ﬂuid characteristics, properties of

an empirical equation for maximum scour dimensions, as a

bed sediments, and so on. A detailed discussion on the inﬂuen-

function of l=L, Rc =W, V=Vc , and the spur dike location.

cing factors or parameters can be collectively found in Zhang

Here, V is the approach ﬂow velocity and Vc is the critical

& Nakagawa (), and Pandey et al. (a).

ﬂow velocity. Similarly, Masjedi et al. (a, b, c,
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) proposed empirical equations for several types of spur

duration are studied. Further, experimental data are used

dikes located in a 180 channel bend. Daneshfaraz et al.

to formulate non-dimensional empirical equations for

() conducted an experimental study of the screen as an

temporal and maximum local scour depth. The formu-

energy dissipator under movable bed condition and reported

lation for maximum scour depth is further tested with

a signiﬁcant reduction in bed scour in the case of a screen

the experimental data from other researches (related to

with 50% porosity.

180 channel bends) to check the extension of its

The numerical modeling in the ﬁeld of Computational

application.

Fluid Dynamics (CFD) has signiﬁcantly improved over the
past decade. Chen & Li (), Tingsanchali & Maheswaran (), Molls et al. (), Mayerle et al. (),

EXPERIMENTAL SETUP

Peng (), Tang et al. (), Yazdi et al. (), and
so on, extensively used various numerical models such

The experiment was conducted in a meandering channel

as turbulence model, Large Eddy Simulation (LES), and

with a rectangular cross-section and two consecutive

so on to study the ﬂow characteristics in the channel.

bends of reverse order, as shown in Figure 1. These consecu-

Oslen () and his associates developed the SSIIM

tive bends were connected with the straight inlet and outlet

model (Sediment Simulation in Intakes with a Multi-

channels, each of 6.0 m length. The width of channel cross-

block option) to model the sediment transport in the

section was kept uniform, equal to 1.0 m. The central radius

numerical model. The model solves the Navier-Stoke

of both bends was designed as 1.0 m. The bend is categor-

equation with k-e epsilon model. By default, the model

ized as a sharp bend because of the value, Rc =W; that is,

uses a semi-implicit method for pressure-linked equations

the relative curvature was 1.0. The central angle of the

to compute the pressure term in the equation (Oslen ,

bend was kept at 180 for the maximum deﬂection of ﬂow

, ). Vagheﬁ and his associates (Vaghefi et al. ,

and hence to generate maximum development of secondary

, a, b) extensively used the SSIIM model to

circulation. The ﬂoor and the wall of the rectangular

study the ﬂow characteristics and scour process around
a T-shaped spur dike placed in a 90 channel bend. For
further detail, the readers are recommended to refer to
these references. Daneshfaraz et al. () implemented
a three-phase simulation (air, water, sediment) based on
the VOF model to study the ﬂow ﬁeld and scour around
a T-shaped spur dike located in a 90 arc. It was reported
that the scour at the outer arc or bank increases with an
increase in discharge or volume rate.
The literature survey indicates that the majority of previous works (or studies) on the scour around the spur dike
were performed either in the straight reach of the channel
or a regular channel bend; that is, 90 and 180 bends.
Minimal focus is given to other channel types such as
sinusoidal channels, meandering channels, and so on. In
this paper, work is extended to examine the ﬂow ﬁeld,
and the local scour around the T-shaped spur dike
placed in a reverse meandering channel under subcritical
ﬂow conditions. The inﬂuence of parameters on local
scour such as the Froude number of approach ﬂow,
location of the structure in the meander, and time
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channel were made impermeable by plastering with cement
mortar. A 0.25 m thick layer of bed sediment, having median
diameter, d50 ¼ 2 mm and standard deviation, σ g ¼ 1.8 was
uniformly distributed throughout the channel. The spur
dike, having a thickness of 10 mm and height of 200 mm,
was made of perspex sheet and was placed perpendicular
to the curvature of the ﬂume bend. The length and the
wing length of the spur dike were taken as 20% (200 mm)
of the width of the channel.
A tailgate was installed at the end of the outlet channel
to regulate the ﬂow depth in the channel. The water coming
out from the exit of the main channel was carried by a sidechannel, which was equipped with a sharp-crested rectangular weir to measure the discharge. A centrifugal pump was

Figure 2

|

An experimental setup for the spur dike located at 60 .

connected to the setup that carried water back to the
sump well. At the beginning of each experimental run, the
channel bed was leveled using a scrapper, and the ﬂume

GENERAL EQUATION

was ﬁlled with water up to the required depth. Before the
pump was started, an initial set of channel bed elevation

The local scour around the T-shaped spur dike placed in a

values in the region where scour was expected to occur

channel bend depends on: (1) geometry of the channel

was collected. After the experiment was completed, water

(width, radius, and bed-slope); (2) spur dike characteristics

in the ﬂume was drained out slowly, causing very minimal

(its length and wing length, inclination with the bank, and

disturbance to the channel bed topography, and the ﬂume
was then left to dry.
Pictures of the scour (or bed) topography in the region

location in the channel); (3) approach ﬂow conditions
(depth, discharge rate and velocity of ﬂow); (4) properties
of the bed sediment (speciﬁc gravity, grain size, friction

near the spur dike were taken. A point gauge, having an

angle); (5) properties of the ﬂowing ﬂuid (its density and vis-

accuracy of ±0.01 mm, was used to measure the bed

cosity); and (6) time duration. Hence, the scour depth can be

elevation and the scour depth. The experiment was con-

expressed as

ducted for the spur dike located in the ﬁrst bend at the
angles of 30 , 60 , 120 , and 150 (measured from the
entry to the bend). A schematic diagram for the spur dike

ds ¼ f(L, l, α, θ, y, W, S0 , V, g, d50 , Rc , ρs , ∅, ρ, μ, t, te )

(1)

placed at 60 is shown in Figure 1. For each location, the
experiment runs for four different discharge values (or

where ds is temporal (time-varying) scour depth; L, l are the

Froude number). It should be noted that the experiment

length and the wing length of the spur dike respectively; α is

was conducted under clear-water condition and sub-critical

the angle of the spur dike with the bank; θ is the location of

approach ﬂow condition. A preliminary experimental run

the spur dike in the bend measured from the entry to the

was conducted for ﬁve hours, and it was found that the

bend; y and V are the depth and velocity of the approach

change in bed elevation at the location of maximum scour

ﬂow; W is the channel width; S0 is the bed slope; g is grav-

becomes negligible. A similar observation is made by

itational acceleration; d50 is median grain size; Rc is the

Masjedi et al. (a, b, c, ). Therefore, the

central radius of the bend; ρs is the density of sediment; μ

observation duration of each experimental run was kept at

is the dynamic viscosity of the ﬂowing ﬂuid; ∅ is the fric-

3 hours (or 180 minutes). The experimental setup for the

tional angle of sediment; t is the time of scouring; and te is

spur dike located at 60 (measured from the entry of the

the time taken to reach maximum (or equilibrium) scour

channel) in the bend is shown in Figure 2.

depth.

Downloaded from http://iwaponline.com/ws/article-pdf/21/2/542/859857/ws021020542.pdf
by guest

546

R. P. Tripathi & K. K. Pandey

|

Local scour around T-shaped spur dike in a meandering channel

Using dimensional analysis, Equation (1) can be written

Water Supply

|

21.2

|

2021

decreasing in the embayment zone. Here, the tracers representing the central area of the embayment were observed to

in a non-dimensional form as


ds
θ
L d50 L l L ρs Rc t
, α, S0 , ∅,
,
, ,
¼ f Re, Fr,
, , ,
,
180
Rc y W L d50 ρ W te
y



(2)

be diverted in three directions; downstream, upstream, and
towards the main channel. Hence, it can be concluded
that the ﬂow pattern around the spur dike is very complicated and strongly three-dimensional. It may occur due to
the formation of the degraded bed surface.

Here, Fr, and Re are the Froude number and the Reynold’s number related to approach ﬂow respectively. In

Bed topography

this study, it is assumed that Fr, θ (in degrees) and t=te are
the only inﬂuencing parameters as these are the only par-

The artiﬁcial narrowing created in the main channel caused

ameters

run

by the spur dike results in ﬂow disturbances around the

(discussed in the previous section); all other parameters

structure. It was observed that two main scour holes form;

are either constants or assumed to have a negligible effect

one upstream forms near the nose (or wing of the spur

on scouring phenomenon. Therefore, Equation (2) can be

dike); and the other downstream forms in the embayment

simpliﬁed as:

area at a distance from the spur dike, as can be seen in

that

change

during

the

experimental



ds
θ
t
,
¼ f Fr,
180 te
y

Figure 3. As the location of the spur dike shifts to the end
(3)

of the ﬁrst bend, the scour area upstream stretches along
the wing of the spur dike and merges with the scour area
downstream. The sediment erosion in the embayment area
suggests that there are strong return currents generated in
the area. Because of the diverted ﬂow generating at the

RESULTS AND DISCUSSION

head of the spur dike, various local scours form in front of
the structure. These scour holes started forming as soon as

Flow characteristics in general

the pump was started. In general, it was observed that the
sediment erosion takes place at the outer bank while depo-

To visualize the surface ﬂow structure around the spur dike

sition occurs at the inner bank. In the case of a spur dike

at equilibrium scour condition, tracers were used. As

placed at θ ¼ 30 , the deposition occurs nearly throughout

expected, the restriction to ﬂow caused by the spur dike

the length of the inner bank (of the ﬁrst bend), as shown

results in the formation of three different zones in the

in Figure 3(a). A similar observation was also reported by

region surrounding the spur dike. These three zones are

Fazli et al. () and Vaghefi et al. (). For θ ¼ 120

termed as the main channel zone, an embayment zone,

and 150 , the scour area extends to the main channel

and a mixing zone (Zhang & Nakagawa ; Pandey

(closer to the inner bank) as well, shown in Figure 3(b). In

et al. a). The main channel zone spans from the wing

case of θ ¼ 120 and 150 , the increase in turbulent and

of the spur dike to the opposite inner bank of the channel,

secondary ﬂow caused due to change in the curvature of

the embayment zone located between the wing of the spur

the bend results in severe scour in the main channel, both

dike and the outer bank from where the structure protruded,

upstream and downstream, resulting in extensive bed degra-

and the mixing zone between the two. It was observed that

dation, as shown in Figure 3(b). It is interesting to note that

when the ﬂow approaches the spur dike, a strong inward cir-

the scour area formed upstream is bounded and located far

culation is generated. With the increase in the spur dike’s

from the structure. It might occur due to the sharp change

location from the entry of bend, the length of ﬂow separ-

in the channel’s curvature, creating a high secondary and

ation and, hence, the embayment zone increases. It occurs

spiral ﬂow, followed by backwater formation caused by the

due to the diversion of streamline ﬂow caused by the curva-

spur dike resulting in the generation of a high turbulence

ture of the bend. The ﬂow velocity was found to be

region at the upstream side. The increased velocity of
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Bed topography for spur located at (a) θ ¼ 30 and (b) θ ¼ 120 .

diverted ﬂow associated with high turbulence downstream

decreases with the increase in the Froude number (from

results in scouring near the tip of the spur dike’s wing,

0.35 to 0.50). From Figure 4(b) it can be seen that at a

which extends in an elongated fashion or pattern. Since

higher Froude number, the local scour hole upstream of

only tracer has been used to study the surface ﬂow character-

the spur dike extends to merge with the scour hole down-

istics, the exact reason behind such scours is not identiﬁed

stream. This phenomenon might be the consequence of

and, hence, can be treated as an experimental limitation.

the formation of large vortices around the wing of the spur

A highly advanced setup to observe the ﬂow ﬁeld is required.

dike.

It was seen that with increasing discharge (or Froude
number), ﬂow is attracted towards the spur dike, which

Temporal and maximum scour depth

causes scour near the nose of the wing (upstream). With
the increase in Froude number, general scour in the channel

In general, scour increases rapidly in the earlier stage of its

reduces and shifts towards the spur dike, while the main

development and then gradually grows at a decreased rate,

scour hole depth increases. A general scour contour for

reaching its maximum value after some time. The time-vary-

Fr ¼ 0.35 and Fr ¼ 0.50 is shown in Figure 4 for a spur

ing scour depth for each location of spur dike in the channel

dike placed at θ ¼ 30 . From Figure 4, it can be seen that

is shown in Figure 5. The ﬁgure shows that the considerable

the overall bed elevation in the main channel zone

amount of scour depth (nearly 90% of maximum scour

Figure 4

|

Scour contour around spur dike located at θ ¼ 30 for (a) Fr ¼ 0.35 and (b) Fr ¼ 0.50.
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Temporal scour depth variation for spur dike located at θ ¼ 30 , 60 , 120 , and 150 respectively.

depth) is reached within 20% of experimental duration

For a spur dike located at θ ¼ 120 and 150 , local scour

except in few cases. A similar ﬁnding was made by several

was observed to be very high even for approach ﬂow with a

other researchers, such as Pu & Lim (). The temporal

low Froude number. It was found that for θ ¼ 150 and

scour depth variation shows logarithmic incremental behav-

Fr ¼ 0.10, the maximum non-dimensionalized scour-depth

ior (Coleman et al. ; Kothyari et al. ). From

value is 0.58, which is close to the value for θ ¼ 60 and

Figure 5(a), it is interesting to note that the transition stage

Fr ¼ 0.25. In this case, the region around the bend is most

(curvy region) of scour development is well deﬁned and

affected by scouring, as shown in Figure 3(b). This may

steady (or smooth) for a spur dike located at θ ¼ 30 . The

occur due to change in the curvature of the meandering chan-

transition stage becomes sharp (or unsteady) as the location

nel (or inﬂection point) downstream. From Figure 5, it can be

of the spur dike shifts towards the end of the ﬁrst bend. It

concluded that for a constant value of Froude number (i.e.,

can be concluded from the graph that for each location of

Fr ¼ 0.20 and 0.35), the initial growth rate of scour depth

the spur dike, the temporal scour depth increases with an

increases as the spur dike shifts towards the end of the ﬁrst

increase in Froude number.

bend. In addition, the maximum scour depth also increases
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with an increase in the Froude number and location of the
spur dike (see Figure 6 and Figure 7, respectively).

Mathematical formulation for temporal and maximum
scour depth
Since the scour depth shows logarithmic incremental variation, Equation (3) in non-dimensional form can be
written in the following empirical form as


 
ds
θ c t þ te
ln
¼ a  Frb
180
y
te

(4)

The constants a, b, c are determined by the method of

Figure 7

|

Variation of dsm =y vs. θ.

best-ﬁt using the experimental data. The resulting equation
Equations (5) and (6) show self-similarity. Equation (6)

comes out as




ds
θ 0:381 t þ te
ln
¼ 2:747  Fr 0:574
180
y
te

is used to estimate the maximum scour depth and then compared with the measured data. The developed equation for
(5)

scouring shows good accuracy when compared with experimental data, having R2 ¼ 0.895 and percentage error

The maximum scour depth, dsm is reached at t ¼ te . And

ranging between 1.28% and 18.33%, as can be seen from
Figure 8. Therefore, it can be expected that the relationship

hence, Equation (5) is reduced to

derived is good for the given range of Froude numbers.


dsm
θ
¼ 1:904  Fr0:574
180
y

0:381

To check the applicability of the proposed equation to
(6)

other conditions, experimental data from Masjedi et al.
(b, c, ) were used. Masjedi et al. (b, c)
conducted an experimental investigation on scour around

Figure 6

|

Variation of dsm =y with Froude number for different locations of spur dike.
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a T-shaped spur dike placed in a 180 bend. Similarly, Mas-

where the last stage of meandering is almost reached (i.e.

jedi et al. () experimented in a 180 channel bend to

before the formation of an ox-bow lake). Vortex ﬂow was

study the scour process around an L-shaped spur dike.

observed at the beginning of each experimental run, due

This attempt was made by assuming that the downstream

to which a secondary current was created. The secondary

ﬂow characteristics have a negligible effect on maximum

ﬂow transports the sediments towards the convex side

scour depth. Since the bend angle in all the three cases is

(inner bank), creating a few dunes near the inner wall. It



180 , it is presumed that the proposed equation could give

can be concluded that the local scour holes formed might

reasonable results. It was found that the proposed equation

extend to the river banks in case of a high ﬂow discharge

overestimated the maximum scour depth, nearly by an aver-

rate (or Froude number). This could be attributed to the

age factor of 1.19, 1.41, and 2.2 for Masjedi et al. (b,

existence of return currents towards the river banks gener-

c, ) respectively (see Figure 9). This may occur due

ated when the ﬂow is diverted from the heads of the spur

to various other inﬂuencing parameters that are assumed

dikes. This further resulted in the sound degradation of

to be constant or have a negligible effect. Therefore, it is rec-

the main channel near the spur dike. From an engineering

ommended that various other parameters are encompassed

perspective, this is a signiﬁcant drawback. If appropriate

in developing such empirical equation.

countermeasures are not taken, then both the river bank
and structure are at risk. It may lead to failure and then collapse of the structure. It was observed that the maximum

CONCLUSION

scour depth increases with an increase in the Froude
number and location of the spur dike from the entry of

The experiment was set up to investigate the ﬂow ﬁeld and

bend. The temporal variation of scour depth with time

scour depth in the area surrounding a spur dike placed at

shows a logarithmic trend. Empirical relations for temporal

various locations in a reverse meandering channel. The

and maximum scour depth are established as a function of

reverse meandering channel enables maximum deﬂection

the Froude number, and the position of the structure in the

of the ﬂow ﬁeld, and hence generates high turbulence

bend. The developed equation shows good accuracy when

and secondary ﬂow condition to simulate the maximum

compared with (own) experimental data. However, it over-

amount of scour around a spur dike. This study would be

estimates the maximum scour depth for experimental data

helpful as an engineering application in a river channel

(related to 180 channel bend) from literature. This discrepancy could be the result of negligence of several
parameters that affect the scour depth. In addition, the
range of the Froude number of the approach ﬂow is kept
narrow due to experimental setup constraints. In the
future scope of studies, it is advised to incorporate various
parameters that inﬂuence the scour, such as the dimensions of the spur dike, channel parameters, and so on,
and to run experiments for a wide range of Froude
number. In this study, only tracers were used to carry out
a qualitative assessment of the surface ﬂow ﬁeld, which is
very limited to a greater extent. In future studies, it is recommended to include a quantitative assessment of the
ﬂow ﬁeld around the structure. The study can be further
carried out for simultaneous positioning of a spur dike at
different locations on the concave side of the meandering

Figure 9

|

Comparison of calculated and observed value of maximum scour depth (from
other researches).
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channel. At a later stage, the study can also be incorporated
with numerical investigation or modeling.
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