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Abstract: Scour is the main cause of failure for spur dike. The accurate prediction of scour around
spur dike is essential to design a spur dike. The present study focuses on the maximum scour depth
in equilibrium condition and parameters, which influence it in a sand—gravel mixture bed. Outcomes
of the present experimental study showed that the non-dimensional maximum equilibrium scour
depth increases with critical velocity ratio (U/U,,), water depth-armour particle ratio (//d,;), Froude
number for sediment mixture (Fysy,), water depth-spur dike length ratio (//), and decreases with
increase in armour particle-spur dike length ratio (d,/). The maximum scour depth is proportional
to dimensionless parameters of U/Ug,, h/d,, Frsm, /1, but the scour depth is inverse proportional to
dg/l. Scour around spur dike in a sand-gravel mixture is mainly influenced by the property of the
sediment mixture. The scour increases with decrease in non-uniformity of the sediment mixture.
A non-linear empirical equation is proposed to estimate the maximum scour depth at an upstream
nose of rectangular spur dike with a maximum error of 15%. The sensitivity analysis indicates that
the maximum non-dimensional equilibrium scour depth depends on Fis;,, followed by the secondary
sensible parameters d,/I, i/l, and h/d,.

Keywords: spur dike; maximum equilibrium scour depth; sand-gravel mixture; clear-water scour

1. Introduction

Spur dike is a manmade hydraulic structure, which is also known as groin and spur. A
spur dike protects the stream banks by reducing the flow velocity against the fluvial hydraulic
processes. The construction cost of spur dikes in an alluvial stream is as cheap as an easily adaptable
hydraulic structure. Spur dikes are fixed in vertical/perpendicular, declined or inclined positions
to the longitudinal direction of the stream. The designing criteria of vertical spur dikes are more
economic and convenient compared to the angled spur dikes [1]. The present study only focuses on
the rectangular vertical spur dikes, which are fixed perpendicular to the flow. Spur dikes are identified
as an effective hydraulic structure to reduce the flow velocity for river bank protection [1-3]. After
fixing a spur dike, the flow processes in the stream are different to disturb the flow characteristics. This
process around the spur dike is complex with a local scour phenomenon around the spur dikes. The
scour study around the spur dikes is important for river engineering to provide practical guidelines [4].

Local scour is a well-defined term in river engineering and is described as the removal of sediment
particles from the alluvial streams. It is recognized as the main reason for the failure of hydraulic
structures [5-8]. Figure 1 shows an actual picture of the failure of a vertical spur dike in the river Gaula
near Haldwani, Uttrakhand in India.
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Figure 1. Failure of spur dike at the river Gaula near Haldwani, Uttrakhand in India.

Maximum scour depth around spur dikes in uniform sediment beds are studied extensively
compared to the sediment mixtures [9-14]. However, rivers in upper reaches or in hilly streams are
mainly composed of different sediment mixtures or non-uniform sediments. Uniform sediment is
defined as when the value of the geometric standard deviation (0 = +/dgs/ d16) is greater than 1.4 [14],
where dgq and dy4 are particle sizes at 84% and 16% finer, respectively. In non-uniform sediment
mixtures, finer particles are being removed first, followed by the coarser particles trying to act as
a protective layer near the bridge elements due to the complex sediment transport processes [5].
This protective layer of coarser particles is known as armour layer. The median diameter (d,) of the
armour layer is usually larger than the parent median diameter (d) of the streambed [15]. After the
formation of an armour layer around a spur dike, further removal of sediment particles under the
same hydraulic condition is very difficult. Kothyari et al. [6] stated that the armour layers of concern to
calculate the scour depths around the bridge elements, are those where the bridge element is fixed in a
streambed of relatively fine sediment covered by a coarser sediment layer (armour layer), developed
due to the sorting of non-uniform sediments. The scour phenomenon at equilibrium scour stage is
analysed by the approach flow parameters, the characteristics of armour particles along with parent
bed material [16]. Most of the previous studies are limited to uniform sediment and therefore, in this
research, the effect of non-uniformity of sediment on maximum scour depth was studied by performing
32 experiments.

Several investigators stated that the condition of incipient motion develops in the riverbed when
shear velocity is greater than the critical shear velocity of riverbed materials [17,18]. After incipient
condition, the additional shear stresses start the scour process around the spur dikes, piers, and
abutments [17,18]. Melville [19] indicated that the scour around bridge abutment occurs when the
approach shear velocity is nearly half of the critical shear velocity. Kothyari and Ranga Raju [6], and
Melville [19] stated that spur dikes have an analogous scour process of abutments. It has been specified
by Kothyari and Ranga Raju [6] that any reference ended to vertical wall abutment hereafter also holds
good references for vertical spur dike. Melville [19] identified that the scour hole around abutment
forms a primary vortex that sinks into the scour hole and prime agent for continuous scour progress.
The scour process ends in a sand—gravel mixture by developing a stable layer armour layer. Once a
scour hole reaches an equilibrium condition, the armour layer does not allow further change in the
scour hole. Generally, an armour layer has uniform sediment properties with less geometric standard
deviation than coarser sediments [15]. An armour layer depends on the quantity and strength of
coarser particles in a sediment mixture. Sui et al. [16] stated that the stability and strength of the scour
hole depend on the properties of coarser particles in a sediment mixture.



Water 2019, 11, 1417 30f14

Previous investigators stated that the gravel particles are steadier inside the scour hole due to its
larger mass. Larger mass particles require more energy to remove from the scour hole [6,16]. At the
same time, some sand particles are covered by the gravel particles and, gradually, this process results
in the development of clusters of gravel particles. For a limited spread, this cluster illustrates similar
characteristics. It has been stated by Kothyari et al. [5] that the development of an armour layer might
be observed as a continuous process of collapses and the creation of clusters.

The parameters influencing the maximum equilibrium scour depth around a rectangular spur dike
consist of the geometry of spur dikes, the sediment properties, and the flow parameters. Maximum
equilibrium scour depth (ds;) around a rectangular spur dike in a sediment mixture can be written as,

dsa - f(dSIdal dr Or uCS/ uCll/ Frd/Frsm/ P/ u/h/ l) (1)

In Equation (1), ds; is the maximum scour depth at equilibrium condition; ds, d,s, d, 0, Uy, Uys are
sediment parameters; p, U, h are flow parameters, and [ is the spur dike geometry parameters. Where
ds is a median diameter of sand, d, is a median diameter of armour or gravel particles, d is an effective
median diameter of sediment mixture, o is a standard deviation of sediment mixture, U, and U, are
critical velocities of sand and armour particles, respectively. Fy; = U/{(S—1)gd}% is densimetric particle
Froude number and Fyg, = 0~/ BFrd is densimetric Froude number of the sediment mixture [15]. U
is time-averaged approach velocity, S is relative density, p is the density of water, g is gravitational
acceleration, / is transverse length of spur dike.

2. Experimental Setup and Procedure

In the current study, 32 experiments were completed in a hydraulics laboratory, in the civil
engineering department, at I.I.T. Roorkee, India, by using a rectangular flume of 24.0 m length and
1.0 m width, and a sediment depth of up to 0.25 m, as shown in Figure 2a. A working-section of the
flume, 4.0 m x 1.0 m x 0.25 m, which begins at a distance of 12.0 m from the flume entrance. All tests
were completed under clear water scour condition. Four different rectangular spur dikes were used in
this study, which were made of 5 mm thick cast iron plates. All experiments were completed under
different flow conditions and sediment properties at different time average velocities (U), approach flow
depths (h), transverse length of spur dike (), and median diameter of parent streambed particles (d).

Working-section of flume was fully filled with two different sediment mixtures, (i) 50% sand
(ds = 0.27 mm and o = 1.22) and 50% gravel (d, = 2.7 mm and o = 1.21), and (ii) 50% sand (ds = 0.27 mm
and o = 1.22) and 50% gravel (d; = 3.1 mm and o = 1.18). These sediment mixtures were filled up to
the longitudinal level of the flume bed. A 2-D profiler was used to level the working section. Four
different rectangular spur dikes having transverse lengths (/) of 6.0 cm, 9.0 cm, 11.5 cm, and 14.0 cm
were used for the experiments. The water supply into the flume was regulated by a valve, which
was provided in the inlet pipe. An ultrasonic flow meter was provided at the flume entrance pipe to
measure the flow rate. Approach flow depth was adjusted using the tailgate, which was located at the
downstream end of the flume. A wave regulator was facilitated at flume entrance to produce a uniform
or near-uniform flow condition in the experimental flume. The maximum equilibrium scour depth
was measured with a Vernier point gauge. The scour depth was measured at upstream nose of the spur
dike and the upstream wall-junction of the spur dike with different time intervals. Figure 2b shows the
variation of temporal scour depth (ds;) at upstream spur dike’s nose and spur dike’s wall-junction. All
experiments were completed for 20 h. However, experimentally, we saw that the equilibrium scour
stage was reached within 10-14 h, as can be seen Figure 2b. After the equilibrium time of scour, the
scour depth at upstream nose and wall-junction of the spur dike was the same at every 30 min interval.
At the equilibrium scour condition, the maximum scour depth always occurred at the upstream nose
of the spur dike. In the present study, the maximum equilibrium scour depth (ds,) at the nose of spur
dike was only considered for analysis. Before the start of each experiment, the test-section of flume
was perfectly levelled with respect to the flume bed and covered with a thin Perspex sheet. Once
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pre-set flow conditions were achieved, the Perspex sheet was separated very sensibly to avoid the
undesirable scour around the pier. Table 1 illustrates the maximum scour depth along with flow and

sediment properties.
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Figure 2. Experiments. (a) Photometric view. (b) Scour depth variations with time at upstream nose

and wall-junction of the spur dike.
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Table 1. Scour depth data at equilibrium condition.

Exp. Run h (m) Im) U@mfs) ds(m) d, (m) Frsm ~ Ul da (m)

R1 0.112 0.140 0.41 0.00027 0.0027 1.77 0.90 0.149
R2 0.105 0.140 0.35 0.00027 0.0027 1.51 0.77 0.111
R3 0.1 0.140 0.31 0.00027 0.0027 1.23 0.68 0.095
R4 0.09 0.140 0.28 0.00027 0.0027 1.21 0.61 0.072
R5 0.112 0.115 0.41 0.00027 0.0027 1.77 0.90 0.128
R6 0.105 0.115 0.35 0.00027 0.0027 1.51 0.77 0.091
R7 0.1 0.115 0.31 0.00027 0.0027 1.34 0.68 0.076
R8 0.09 0.115 0.28 0.00027 0.0027 1.21 0.61 0.057
R9 0.112 0.090 0.41 0.00027 0.0027 1.77 0.90 0.104
R10 0.105 0.090 0.35 0.00027 0.0027 1.51 0.77 0.078
R11 0.1 0.090 0.31 0.00027 0.0027 1.34 0.68 0.063
R12 0.09 0.090 0.28 0.00027 0.0027 1.21 0.61 0.051
R13 0.112 0.060 0.41 0.00027 0.0027 1.77 0.90 0.074
R14 0.105 0.060 0.35 0.00027 0.0027 1.51 0.77 0.058
R15 0.1 0.060 0.31 0.00027 0.0027 1.34 0.68 0.045
R16 0.09 0.060 0.28 0.00027 0.0027 1.21 0.61 0.038
R17 0.112 0.140 0.41 0.00027 0.0031 1.62 0.84 0.127
R18 0.105 0.140 0.35 0.00027 0.0031 1.38 0.71 0.096
R19 0.1 0.140 0.31 0.00027 0.0031 1.22 0.63 0.074
R20 0.09 0.140 0.28 0.00027 0.0031 1.10 0.57 0.057
R21 0.112 0.115 0.41 0.00027 0.0031 1.62 0.84 0.107
R22 0.105 0.115 0.35 0.00027 0.0031 1.38 0.71 0.078
R23 0.1 0.115 0.31 0.00027 0.0031 1.22 0.63 0.059
R24 0.09 0.115 0.28 0.00027 0.0031 1.10 0.57 0.047
R25 0.112 0.090 0.41 0.00027 0.0031 1.62 0.84 0.086
R26 0.105 0.090 0.35 0.00027 0.0031 1.38 0.71 0.068
R27 0.11 0.090 0.31 0.00027 0.0031 1.22 0.63 0.054
R28 0.13 0.090 0.28 0.00027 0.0031 1.10 0.57 0.041
R29 0.12 0.060 0.41 0.00027 0.0031 1.62 0.84 0.058
R30 0.11 0.060 0.35 0.00027 0.0031 1.38 0.71 0.043
R31 0.13 0.060 0.31 0.00027 0.0031 1.22 0.63 0.037
R32 0.12 0.060 0.28 0.00027 0.0031 1.10 0.57 0.032

In this experimental study, the time-averaged velocity was taken in place of approach shear
velocity (u+) to study the maximum equilibrium scour depth. The critical shear velocity of flume bed
particles and armour layer particles was calculated by Shield’s curve. The corresponding values of
critical velocities (Ug;) were calculated using Lauchlan and Melville [20] in Equation (2).

uCﬂ

Usca

= 5.7510ng +6 @)
S

where k; is the height of roughness.
3. Results and Discussion

3.1. Maximum Scour Depth and Location

The scour progress ends in a sand—gravel mixture when a stable armour layer forms around the
spur dike. This condition is also known as equilibrium scour condition. Maximum scour depth at
this condition is well-known as maximum equilibrium scour depth or maximum scour depth (ds;).
The equilibrium condition of scour strongly depends on the approach flow parameters, characteristics
of the armour bed, and the dimension of the spur dike. The estimation of ds, around the spur dike is
an important function for the safe and efficient design of the spur dikes.

Maximum depth of scour (ds;) at equilibrium condition is a key factor for a non-dimensional
analysis. Experimentally, it was observed that ds; always occurs at the upstream nose of the spur
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dike. Distribution of high bed shear stresses in armour beds around the bridge elements is responsible
for the maximum scour depth [16]. It was observed that the scour depth at spur dike nose in
equilibrium stage was comparatively more as compared to the spur dike wall-junction, as shown
in Figures 2b and 3. Figure 3 illustrates the position of maximum depth of scour and scour depth
variation in equilibrium condition.

wall-junction
nose

Figure 3. Geometry of scour hole at equilibrium condition for R10.

3.2. Influence of Different Parameters on Maximum Scour

The stability of the armour layer around the spur dike is influenced by properties of armour
particles, the sediment mixture, and approach flow properties. The maximum equilibrium scour depth
(dsq) variations with time-averaged velocity (U) for different transverse lengths () of spur dike along
with different sediment sizes are shown in Figure 4a. It can be seen that larger armour particles show
less variation in scour depth with time-averaged velocity, while smaller armour particle beds with a
larger transverse length of spur dike show higher scour depth variation. The maximum depth of scour
(dsq) increases with the increase in time-averaged velocity for any sizes of armour particle, as referred
in Figure 4a. Scour depth variation increases with an increase in U/U,,. For a particular range of U/Uy,,
ds, increases with increase in /, as shown in Figure 4b.

Figure 5a—d shows the variations of ds;/I vs. W, ds/l vs. di/l, dsi/l vs. Frsy, and dsi/l vs. h/d,.
The organised variation between non-dimensional scour depth and flow shallowness ratio (//) clearly
states that the variation of maximum scour depth in non-dimensional form increases with a decrease
in I. For a particular spur dike, ds;/ increases with increase in the flow shallowness ratio, as can be seen
in Figure 5a. The results indicate that the rate of maximum scour depth variation in the sand-gravel
mixture is found to be at a maximum for the longest spur dike, as shown in Figure 5a.
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Figure 4. Maximum scour depth of spur dike (a) Depth with time-averaged velocity, and (b) Depth
with transverse lengths.

Figure 5b illustrates the variation of d,/ with respect to the non-dimensional scour depth (ds;/l).
It is clearly visible from Figure 5b, the magnitude of ds;/ increases with a decrease in d,/. For a
particular spur dike, the maximum scour depth variation increases with decrease in armour particle
size (Figure 5b). For the constant value of armour particle, the maximum scour depth variation
decreases with a decrease in transverse length of spur dike. This implies that the variation of maximum
non-dimensional scour depth increases with a decrease in armour particle and an increase in the
transverse length of spur dike.

The present study deals with the sand—gravel mixture and found that the variation of scour depth
in different sediment mixtures is influenced by the non-uniformity of sediment. Hence, the authors
analysed the influence of sediment mixture on maximum scour depth (ds;) in terms of sediment mixture
Froude number (Fys = 0~ 3Fy). Figure 5c illustrates the effect of F,;; on maximum scour depth.
It was observed that the non-uniformity factor of sediment plays a significant role in scour processes
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for non-uniform sediment’s case. For a constant dimension of spur dike, the maximum scour depth
in non-dimensional form increases with Fy,;, (Figure 5c). It means that the maximum scour depth
increases with a decrease in non-uniformity of sediment. It was also observed that the development of

armour layer in the scoured region results in the exposure of coarser gravel size due to washing out of
the finer gravel particles.
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Figure 5d shows the variation in the gradient of the trend lines dy/! vs. h/d, with different
dimensions of spur dike. The pattern of trend lines indicates that the ds,;/ increases with the increase in
h/d,, as can be seen in Figure 5d. The influence of /i/d, was more visible for a particular spur dike’s case.
The rate of maximum scour depth variation increases with the length of spur dike.

3.3. Maximum Scour Depth

The maximum scour depth around a rectangular spur dike was briefly explained in the above
sections. Equation (1) shows the dependent parameters of a maximum equilibrium scour depth
relationship. In a sediment mixture, parent bed material and armour particles are the most important
parameters [16]. By using Buckingham'’s pi theorem, Equation (1) may be written in a non-dimensional
form in Equation (3) as:

dSll

T = f(Frsm/ T/ (3)
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The influence of different parameters on maximum equilibrium scour depth is discussed in the
previous section. An empirical Equation (4) was derived to compute the maximum equilibrium scour
depth using these influencing parameters. This equation was derived by using a nonlinear regression
method. Equation (4) calculates the maximum equilibrium scour depth around a rectangular spur
dike at its upstream nose. Equation (4) was also verified with 30% verification datasets, as shown in
Figure 6a,b. Figure 6c illustrates the variation between percentage error and total experimental data
frequency. All datasets were found inside the +15% error, as can be seen in Figure 6c.
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Figure 6. Cont.
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Figure 6. Experimental vs. computed maximum non-dimensional scour depths. (a) 70% training
datasets. (b) 30% validation datasets. (c) Comparison between percentage data frequency and

percentage error.

3.4. Sensitivity Analysis

A sensitivity analysis was done to classify the most critical parameter, which affects the maximum
equilibrium scour depth. The sensitivity analysis was done by taking the average value of all dependent
and independent parameters. An assumption was taken during the sensitivity analysis, i.e., each input
variable is an error independent variable. The average values of input parameters Fys,, do/l, /], and
hyd, for the datasets used in this analysis are 1.4, 0.032, 1.11, and 35.25, respectively.

If a percentage error AY in the output is known as the difference between values of output
computed for inputs x and x + Ay, then the percentage error might be estimated as the absolute
sensitivity (o = AY/A X). Here, the output is x = ds;/l and input x = Fys, do/l, I/, and h/d,. The error also
can be expressed in a relative form g = AY/Y. The error AY in output is fundamentally the deviation
sensitivity with Ay being the error. The relative sensitivity can be expressed w = ( AY)/(Y.Ay) [21].

The sensitivity analysis is completed by changing each input parameter by £10%. The outcomes
of sensitivity analysis are shown in Tables 2 and 3, which show that Fys;, is the most sensitive parameter
followed by d,/, i/, and h/d,. For 10% increase in yx, the relative sensitivity of Fy, is nearly 8.5, 2.7, and
2.8 times of d,/l, h/l, and h/d,, respectively. However, for a 10% decrease in y, the relative sensitivity of
Frsm is nearly 1.7, 70.4, and 30.2 times of d,/l, Ii/l, and h/d,, respectively. Hence, it must be said that the
accuracy of Equation (4) significantly depends on Fy;;, followed by di/, i/, and h/d,.

Table 2. Results of sensitivity analysis with 10% increment in Ay.

X Ax AY a B w

Frsm 0.14 0.147 1.060 0.199 1.991
da/l 0.003 0.017 5.432 0.023 0.235
Il 0.111 0.055 0.496 0.074 0.745
hjd, 3.53 0.053 0.015 0.072 0.722
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Table 3. Results of sensitivity analysis with 10% reduction in Ay.

X Ax AY o B )

Frsm 0.14 -0.083 -0599 -0.113 -1.126
do/l 0.003 0.048 15.124  0.065 0.654
i 0.111 0.001 0.011 0.002 0.016
hjd, 3.53 0.003 0.001 0.004 0.035

A performance index (discrepancy ratio) was also computed using the present experimental
datasets. For a predictable estimation of the difference between calculated and experimental values of

dsq/l, the discrepancy ratio is defined in Equation (5) as:

Discrepancy Ratio (DR) = log(w) 5)
dsa_experimental

For DR = 0, the computed values of dy,/! are identical to the experimental values of dg,/I.
For negative/positive values of discrepancy ratio, the calculated values of dy,/! is smaller/greater than
the experimental values. Accuracy is described as the frequency of cases for which the discrepancy
ratio is within a suitable range for the total number of data, as can be seen in Figure 7. Data frequency
within DR = +0.01 is 23 out of total 32 datasets. Discrepancy ratio analysis shows good agreements

between calculated and experimental values of maximum scour depth, as can be seen in Figure 7.
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Figure 7. Variation of present data frequency with discrepancy ratio.

4. Conclusions

The maximum equilibrium scour depth around a rectangular spur dike was studied experimentally
in a sand—gravel mixture bed. The influence of several parameters of flow parameters, length of spur
dike, and sediment properties on maximum equilibrium scour depth was discussed. The comparison
of time-dependent scour depths at upstream nose and wall-junction of the spur dike was also shown
and the temporal scour depth vitiation was found, which was lesser at wall-junction compared to
scour depth at the nose of spur dike. Experimentally, it was found that the maximum scour depth
at equilibrium scour condition always occurred at the upstream nose of the spur dike. Detailed

conclusions are:
1.  The influence of different parameters on maximum equilibrium scour depth was discussed in

detail. The dimensionless variation of maximum equilibrium scour depth increases with increase
in U/Ueq, hdy, Frsm, W1, and decreases with increase in d,/. The scour processes in sediment mixture
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are mainly influenced by the property of sediment mixture and maximum scour depth increases
with increase in densimetric sediment mixture Froude number. Therefore, scour processes in
sediment mixture increases with decrease in non-uniformity of sediment;

2. For predicting the maximum equilibrium scour depth at upstream nose of the rectangular spur
dike, the non-linear relationship in non-dimensional form was derived. This equation showed
good agreements between computed and experimental values of scour depths, as shown in
Figure 6a—c and Tables 2 and 3;

3. A sensitivity analysis was completed to compute the most sensible parameter for maximum
equilibrium scour depth. Sensitivity analysis indicated that the maximum non-dimensional scour
depth heavily depended on densimetric sediment mixture Froude number. Secondary sensible
parameters were d,/l, h/l, and h/d, in Tables 2 and 3.
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List of Notations
d Median diameter of sediment mixture
da Median diameter of armour or gravel particle
ds Median diameter of sand
die Particle size at 16% finer
dgy Particle size at 84% finer
dsa Maximum equilibrium scour depth
dst Scour depth at time ¢
Fyry Densimetric Froude number
Frsm Froude number of sediment mixture
g Acceleration due to gravitational
h Flow depth
ks Roughness height
) Transverse length of spur dike
u Time-average velocity
Ug, Critical velocity of armour particle
Ues Critical velocity of sand particle
U, Critical shear velocity
p Density of water
Geometric standard deviation of particle size
¢ distribution
a Absolute sensitivity
B Relative error
@ Relative sensitivity
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