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Abstract: In thus study, experiments were conducted to mvestigate the local scour at permeable and
impermeable spur dikes extending into the channel at right angle. Based upon dimensional analysis the
characteristics of the scour hole at spur dike were correlated to the approach Froude number, the opening ratio
of spur dike, the ratio of flow depth to length of spur dike, the ratio of sediment size to length of spur dike and
the ratio of channel width to length of spur dike. Also, temporal variations of the depth of scour are presented.
The studies have shown that there is considerable reduction in maximum scour depth for permeable spur dikes
when compares to those in the corresponding impermeable spur dike situations. Finally, new equations for
prediction of the maximum depth of scour and the temporal variations of scour depth around spur dike are

presented.
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INTRODUCTION

Scour is a natural phenomenon caused by the flow of
water in rivers and streams. Scour occurs naturally as a
part of the morphelogical changes of rivers and as a result
of man-made structures. Several types of scour can be
distinguished.

Generally, the scour process can be split up into
different time phases. In the beginmng, the development
of scour 13 very fast and eventually an equilibrium
situation is reached.

Spur dikes are constructed transverse to the river
flow and extend from the bank into the river. Spur dikes,
according to the method and type of construction
material, are usually classified as permeable, impermeable
or semi permeable. Tt serves one or more of the following
functions:

¢ Training of the stream flow
+  Protection of stream bank from erosion
*  Improvement of depth for navigation

As a dike constricts the flow it creates backwater
effect, which increases with increasing spur dike length.
Thus effect mfluences the pressure distribution around the
spur dike and thereby influences the local flow
immediately at the spur dike; i.e., the formation of
separation eddies, rollers, various submerged vortices and
vertical components of flow at the spur dike (Ettema and

Fig. 1. Vortex systems at an abutment

Muste, 2004). Due to similarities in the effects of abutment
and impermeable spur dike on flow field, the down flow
and vortex system at the abutment are shown m Fig. 1.
The horseshoe vortex and associated down flow, which
are considered to the prime agents causing, scour at
abutments and impermeable spur dikes are shown in
Fig. 1.

An important consideration in designing a spur dike
is to predict the characteristics of the scour hole produced
by flow. Scour depth estimation at spur dike has attracted
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considerable research interest and different prediction
methods presented by Garde et al. (1961), Liuet al. (1961),
Gl (1972), Neil (1973), Melville (1992,1997), Lim (1997),
Kuhnle et al. (1999), Cardoso and Bettess (1999), Melville
and Chiew (1999), Ahmed and Rajaratnam (2000), Kothyari
and Raju (2001), Radice et al. (2002), Kuhnle et al. (2002),
Ettema and Muste (2004), Dey and Barbhuiya (2004,
2005), Oliveto and Hager (2005) and Fael et al. (2006)
studied the scour around bridge abutment and
impermeable spur dike.

Melville (1992) summarized a large number of
experimental results and proposed a design method for
maximum scour depth that depends on empirical
correction factors for abutment shape, alignment, length
and flow depth. In this research, abutment classified as
short (L/y<1) or long (L/y>25) and suggested that
maximum scour depth was 2L (d,, = 21.) for former case and
10y (d,, = 10y) for later case. For intermediate abutment
length (1<L/y<25) maxinum scour depth was proposed to
be proportional to y and L ¢d, = 24J¥1.) . Here, v is depth of
approach flow and L. is abutment length.

In this study, the maximum scour depth at permeable
and 1mpermeable spur dike is experimentally investigated
for steady umform flow, close to the mitiation of motion
of the bed materials. The data analyzed are restricted to a
vertical spur dike projecting at an angle of 90° to the main
flow direction. Data obtained mn the experiments are
further used to contribute to a better understanding of the
time evolution of local scour at permeable and
impermeable spur dike.

FRAMEWORK FOR PRESENT INVESTIGATION

Maximum depth of scour: Typical features of localized
scour hole at permeable and impermeable spur dike are
shown n Fig. 2.

With reference to Fig. 2, the maximum depth of scour
d,, for a specified shape of spur dike and for negligible
viscous effects can be written as a fimction of following

variables:

d, :fl(u,y,ps,p,g,dm,B,L,e,R,Gg,sh,uc) ()
Where:
u = Mean velocity of approach flow

v = Depth of approach flow
p. = Density of sediment

p = Density of water
g = Gravitational acceleration
d;; = Mean sediment grain size

B = Width of mam channel
L = Length of spur dike
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Fig. 2: Schematic view of (a) impermeable and definitions
of L, L, and L;and (b) permeable spur dike

6 = Angle of inclination of spur dike to the main flow
direction

R = Opening ratio of spur dike

o = Standard deviation of sediment size distribution

sh = Spur dike shape

u, = Critical velocity at incipient flow condition

Dimensional analysis of Eq. 1 gives:

dy (U L yBppg, Uy @
L Jay d, 'L'L7p, Fu,

In this study, only vertical wall spur dike with 8 = 90°
and constant values of p/p, and o, with wu, = 1 were
studied. Therefore, Eq. 2 can be reduced to:

L Jey L

Following the method proposed by Melville (1992,
1997), Eq. 3 can be evaluated using the experimental data.
For this purpose, Eq. 3 can be written as:

d g v y L pB (3)
L dy

(te = aK K KKK, (4)

where, a 1s empirical constant and the K-factors are
expressions describing the influence of parameters
appearing in Eq. 3, 1e., K; accounts for the effect of
approach Froude number F (= u/ Jg_y) , K, accounts for the
effects of ratio of spur dike length to the flow depth, K,
accounts for the effect of sediment size d;;, K; accounts
for the effect of opering ratio of spur dike R and K,
accounts for the effects of ratio of spur dike length to the
charme] width.
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Time evolution of scour depth: Local scour depth
increases progressively with time and finally reaches
equilibrium condition. Four phases scour have been
identified as the initial, the development, the stabilization
and the equilibrium phases. Observation on scour with
various bed materials, flow velocities and geometries
upstream of the scour hole showed that the relation
between the maximum scour depth and time could be
summarized in (Hoffmans and Pilarczyk, 1995):

ds =1- eln[lids_i][&]ﬁ (5)
dR

Where:

d, = Depth of scour at time t

d,, = Equlibrium scour depth

t = Tune

t;, = Tune at which the maximum scour depth equals the

mtial flow depth and vy, = 0.2-0.4 for two-
dimensicnal flow

During the development phase of the scour process,
that 1s for t<t,, Eq. 5 can be approximated by:

4. H 6)
¥ 4
2417
L (7)
Where:
v = Initial flow depth (m)

K = Coefticient

= Mean velocity (m sec™)

= Critical mean velocity (m sec™)

= Coefficient depending on the flow velocity and
turbulence intensity (-)

A = Relative velocity (-)

o

u
u
[

Cardoso and Bettess (1999) studied the influence of
time on the equilibrium scour depth, d,,, at abutments and
suggested the following equation:

0.35
d, lexp{l.OZS(tJ } (8)
d, T

where, T is the time at which d, = 0.632 ds,. T can be
obtained from the equation:
T =Tyfa (s - 1)djL~ ©)
Where:
T = AY™ (10)

Where:

s = Specific density of the bed
material

Aand A = Constants that depend on the

type and geometry of the
abutment
Shields parameter

=[pui]/[(v.-)du] =

Y = Specific weight of water
Y, = Specific weight of the bed
material
Because the equilibrium (ultimate) scour d,, depends
on and_2_ LXEERG 1 and sh, it can be

\I_ d50 LLp uc
assumed that the scour depth at any moment will also

depend on the same parameters as well as on t/t,; that is,
d, will be given by:

(L LYBPpoo U ] an

d u
7‘\/_dsuLLPs “u,

For the same conditions where, Eq. 3 applies, Eq. 11
becomes:

s

|e

d [L
d, ey’

o

,R,E,L] (12)
L't,

j= 5

=

35

where, d, is scour depth at time t and d,, is equilibrium
scour depth.

EXPERIMENTS

The experiments were conducted in a horizontal flume
of 12m long, 2 m wide and 0.6 m deep at Tarbiat Modares
University. The rather uniform (o, = 1.3) nen-cohesive
sand with d;; = 1.3 mm and thickness of 0.45 m was used.
The impermeable spur dikes were made of 5 mm thick
Perspex with height of 0.7 m. Different lengths of spur
dikesie., L =0.25 0375, 0.5, 0.625 and 0.75 m were used.
The permeable spur dikes were made of brass piles having
5 mm diameter.

Four models of spur dike were used (1e., with
opening ratic of R =0, 0.3, 0.5and 0.7). It 1s clear that R =
0 indicates the impermeable spur dike.

Here, R is defined as:

- (13)
x+D
Where:
x = Distance between piles (edge to edge distance)
D = Diameter of piles used in the permeable spur dike
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Fig. 3: Permeable and impermeable spur dike

Table 1: Experimental data

Test No. R ¥ (mim) L (mm) ufu, dy (mm)
1 Q.00 128 250 1.00 239
2 0.00 128 500 1.00 351
3 Q.00 123 375 1.04 303
4 0.00 122 625 1.05 315
5 Q.00 122 750 1.05 355
6 0.30 128 250 1.00 106
7 Q.30 128 375 1.00 119
8 0.30 130 500 0.98 130
9 Q.50 128 250 1.00 36
10 0.50 130 500 0.98 6l
11 Q.50 127 375 1.00 44
12 Q.70 128 375 1.00 20
13 Q.70 128 250 1.00 19
14 0.70 127 500 1.00 29

R: Opening ratio of spur dike; y: Depth of approach flow; L: Length of spur
dike; u1: Mean velocity of approach flow; 1,: Critical mean approach flow
velocity at incipient flow condition; d.,: Equilibrium scour depth

Figure 3 shows the schematic view of permeable and
umpermeable spur dikes.

In all the experiments, single spur dike was installed
with a 90° angle to the main flow direction. Spur dikes
were bolted to the bed of flume and fixed to one side of
flume at a distance of 4 m downstream the inflow section.
The sediunent bed was leveled prior to runmng each
experiment. The experiments were conducted imposing the
condition of incipient motion of sediment determined with
Shields criterion and checked by observation.

The discharge was kept constant equal to
0.08 m’ sec™" and measured by a calibrated triangular weir.
The depths of flow and scour hole were measured by a
point gauge with an accuracy +0.1 mm.

The flume was first filled slowly with water, thereafter
pump was set to a preselected flow rate and the tailgate
adjusted for a suitable flow depth. The development of
scour hole was momtored and measured until the
equilibrium scour condition was established. The
equilibrium condition refers to the state that which in
these experiments, no further movement of sediment could
be detected. The time required to achieve this condition
was about 24 h for impermeable spur dike. However, for
tests with the permeable spur dikes, equilibrium was

attained much faster (about 12 h). The flume was then
dewatered and the dimensions and topography of scour
hole was measured with a point gauge. The details of the
experimental data are shown in Table 1.

RESULTS AND DISCUSSION

General observations: Tt was observed that immediately
after the beginming of each experiment, the scouring was
concentrated around the spur dike, starting from the nose
of spur dike. Primary vortices and down flow were formed
at the nose of spur dike. A separation point was formed at
the upstream of the spur dike. As a result a weak vortex is
formed upstream of the spur dike. The down flow can
generate a strong spiral motion near the bed. By passage
of time, the bed materials at the nose of spur dike were
thrown to the free surface by boils and bursting motions
and are transported downstream by the flow. Bursting
motions are very strong at imtiation of experiments. The
movement of sediment was continued and characterized
by trajectories aligned with the flow. Ths feature
indicates the excess mean shear stress due to flow
concentration. The sediment movement was characterized
by impulsive gusts which, due to complex nature of vortex
structure, throw the grains away from the spur dike.

Tt was observed that the maximum depth of scour in
most of the mmpermeable spur dike cases occurs at the
nose of spur dike. While in the case of permeable spur
dike the maximum depth of scour oceurs almost uniformly
all around the spur dike. Moreover, the volume of the
scoured material was found to be higher in the case of
impermeable spur dike. The bar like deposits downstream
of the spur dike was found to be generally inclined to the
direction of flow. Typical bed topography around
permeable and impermeable spur dikes is shown in Fig. 4
and 5 for vy, = 1.0.

It 18 mteresting to note that permeability of spur dike
have considerable influence in reducing the maximum
depth of scour. The larger the opening ratio, R, the greater
is the reduction of maximum scour from the corresponding
impermeable spur dike.

Maximum depth of scour: Under clear water conditions,
scour depth increased with increasing flow velocity and
the maximum depth of scour occurs at the initiation of
sediment motion. The parameter u/Jgy can be written as
u/u, which 1s a measure of flow intensity and mdicates
whether sediment motion occurs or not.

The relation presented by Melville (1992) specifically
developed for local scour at bridge abutments. In many
situations, local scour at bridge abutments and spur dikes
is very similar. As mentioned before, present data was
analyzed using the method presented by Melville (1592).
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Flow direction

Fig. 4: Bed topography with dsq = 1.3 mm, wu, = 1.0 and L/y = 3.91, (a) Impermeable spur dike and (b) Permeable
spur dike (R = 30%)

Lateral Distance (cm)
Lateral Distance(cm)

0 100 200 300 400 500 600
Longitudinal distance (Cm) Longitudinal distance (Cm)

Fig. 5. Typical bed topography around spur dikes with ds = 1.3 mm, uwu, = 1.0 and L/y = 3.91, (a) Impermeable spur
dike and (b) Permeable spur dike (R = 30%)
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Fig. 6: Effects of the ratio of the flow depth to spur dike
length on scour depth

In this study, experimental data from impermeable
spur dikes were used as a standard with the K, factor
developed to allow reasonable scour predictions for other
conditions. Since, the present study are under the
condition of u/u, = 1, therefore, K; = 1. Figure 6 shows
the variation of d /L. with y/L for impermeable spur dike
(Kg = 1) using the present data and data of Gill (1972) and
Dongol (1994). As can be shown m Fig. 6, the maximum
local scour depth increases as the ratio of the flow depth
to spur dike length increases. It 1s also seen that present
data lies in the range of intermediate abutment or spur
dike (1<L/y<25). The following best-fit equation is
obtained for d./T. with regression coefficient of R* = 0.9:

d, /L=1.325y/L for 1<d./y<25 (14

Therefore, K, =1.325{y/L

Melville (1992) proposed that K, be taken as umity,
for L/d;>50. Since present experimental data lies in this
range of L/d,,, therefore, K; = 1 1s considered.

In order to consider the effect of operung ratio, Ky is
defined as the ratio of d,/T. with particular opening ratio
ina permeable spur dike to that for impermeable spur dike.
In this section, the set of experiment from impermeable
spur dikes (R = 0) were used as a standard.

Figure 7 displays the influence of opening ratio on
scour depth. As can be seen in this figure, the maximum
scour depth increases as opemng ratio decreases. This 1s
due to its effect on the shear stress around the spur dike.
The larger the opemng ratio, R, the greater i1s the
reduction of maximum scour from the corresponding
mnpermeable spur dike. The reduction i shear stress
due to permeability in a spur dike reflects a reduction in

1.0 < l

0.8 X

0.6 %\o

« ’/
X
Y
o2 - ok, L
el el
0
0 0.2 0.4 0.6 0.8 1.0

L/B,1-R

Fig. 7. Effect of conftraction ratio and opening ratio on
scour depth

particle movement and hence reduced scour in permeable
spur dike. The following best fit equation (with R*= 0.98)
is obtained for K.

K, = 0.96 (1-R)? (15)

Figure 7 also shows the variation of K, with T/B for
impermeable spur dike. In order to consider the effect of
L/B, K, is defined as the ratio of d,/T. with particular I./B
1in a mmpermeable spur dike to that for impermeable spur
dike with smallest value of /B (i.e., /B =12.5%). Tt is
seen that this effective term decreases as L/B increases. In
other words, the maximum scour depth decreases as
length of spur dike mcreases while channel width 1s fixed.
The following equation fit the data with R* = 0.90.

K, - 0.34(%}705 (16)

Further it was found that a = 1.19. Thus, substituting
Eq. 14-16 and the value of a in Eq. 4 and keeping in mind
that K, =1 and K;= 1, to get:

b 0

Figure 8 shows the comparison of computed values
of relative scour depth (d,/L), using Eq. 17 with measured
values of relative scour depth (d,/L),,. In order to evaluate
the accuracy of Eq. 17, the experimental data of Liu ef al.
(1961), G1ll (1972), Garde et al. (1961) and Dongol (1994)
are also plotted in Fig. 8. Considering the nature of the
problem, the agreement 1s acceptable.

Temporal variations of scour depth: During experiments,
the local scour process was monitored and scour depths
were measured. It was observed that immediately after the
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Fig. 9: Time evolution of scour depth (L/y=4)

begmning of an experiment, the scourng was
concentrated at the spur dike side, starting from the nose
of spur dike. The movement of sediment was continued
and characterized by trajectories aligned with the flow. As
the process continues, the scour hole moves towards the
flume wall.

Typical evolution of the scour depth with time 1s
shown in Fig. 9 for spur dike with opening ratio 0, 30 and
50%. For tests 1-5 (Table 1), corresponding to the
unpermeable spur dikes, the scour depths evolve at a
decreasing rate with time, reaching equilibrium many
hours after the beginmng of the tests. For tests with the
permeable spur dikes, equilibrium was attained much
faster. This may be associated with the fact that vertical
slots (gaps) mn the body of permeable spur dikes which
enable a part of the water flow to pass through their span
length, (Fig. 3), thereby shear stress around the permeable
spur dike decreases.

1.0
i
A A
L L A "
X
* SRR
ANl
L bl
I
9 4\
T X
©
X R=0%
A R=30941 ||
1 R=509
0.1
0.001 0.01 0.1 1.0
thte

Fig. 10: Temporal development of local scour (I/y= 4)
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T T
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Fig. 11: Time evolution of scour depth i coordnates
adopted by whitehouse

Figure 10 shows a temporal variation of scour depth
for L/y = 4. This figure shows that about 80% of the
maximum scour depth 15 developed m a time varying from
5% to almost 50% of the maximum time. This figure also
shows that at the impermeable spur dike amount of scour
in the initial phase is greater than spur dike with opening
ratio 0.3 and 0.5. It was found that the effects of R and L/y
are of secondary importance and can be neglected n the
analysis.

In Fig. 11, the values of In{d./(d,.—d,)) are plotted
versus t/t, in the framework of the model used by
Whitehouse. The best-fit equation describing the
temporal variations of scour was obtained as:

ds:l—exp{%[t] } (18)
dSE tE
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Fig. 12: Temporal variation of scour depth

This 18 similar to equation developed by Cardoso and
Bettess (1999). Tt should be noted that the constant 0.35
is same as that obtained by Cardoso and Bettess (1999).
However, the constant 3 15 different from that obtamed by
these investigators. Tt is obvious that the data was very
scattered from the best-fit line.

In order to have better equation, the data shown in
Fig. 11 are also shown in Fig. 12. This figure shows the
variations of d/d, with t/t, The following best fit
equation was obtammed, which 1s better than Eq. 18:

q, H (19)

Thus for present data the above equation is better
than the equations obtained by other investigators.

CONCLUSION

Based on the results of this experimental study the
following conclusions may be derived:

¢ The maximum scour depth at permeable and
umnpermeable spur dikes 1s function of the opening
ratio of spur dike, the ratio of flow depth to spur dike
length and the ratio of flow depth to length of spur
dike

+  With increasing the opening ratio of spur dike, the
maximum scowr depth decreases

*  The correction terms for the maximum scour depth are
introduced

¢ New equations for estimation of the maximum scour
depth and temporal variation of scour depth n
uniform sediment are developed and tested

¢  There is considerable reduction in maximum scour
depth for permeable spur dikes when compares to
those in the corresponding impermeable spur dike
situations

¢  Permeable spur dikes could help to increase the
safety of the polders behind dikes

NOTATIONS

a = Hmpirical constant

Aand A, = Coefficients that depend on geometry of
obstacle

B = Width of main channel

D = Diameter of piles used in the permeable
spur dike

d., = Mean sediment grain size

d.. = Equilibrium scour depth

d, = Scour depth at time t

g = Qravitational acceleration

K, = Effective terms

K,and K, = Coefficients of Etterna’s model

L = Length of spur dilke

L = Maximum length of scour hole downstream
of spur dike

L = Maximum width of scour hole in front of
spur dike

L. = Maximum length of scour hole upstream of
spur dike

R = Opening ratio of spur dike

sh = Spur dike shape

s = Specific density of the bed material

t = Tume

t, = time at which the maximum scour depth
equals the initial flow depth

t, = Time to develop the equilibrium depth of
scour

T = Time scale

T = Nondimensicnal form of time scale T

u = Mean velocity of approach flow

u, = Critical mean approach flow velocity at
incipient flow condition

W = Shear velocity

we = Critical shear velocity for incipient motion

X = Distance between piles (edge to edge
distance)

y = Depth of approach flow

Y = Shields parameter

¥ = Coefficient (dimensionless)

¥ = Specific weight of water

Y. = Specific weight of the bed material

0 = Angle of mclination of spur dike to the
main flow direction

P = Density of water

P, = Density of sediment

o, = Standard deviation of sediment size
distribution

U = Kinematic viscosity
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