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ABSTRACT

Temporal scour depth (dy) estimation at spur dikes is a significant issue for application
engineers and researchers because accurate prediction is required for real-time monitoring.
Although several formulas were employed, a definitive study is still needed to determine which
formula predicts most accurately. Therefore, this study aims to address this need by conducting
a comparative analysis of dy prediction formulas at spur dikes under clear water conditions
using laboratory datasets spanning the last 20 years. The analysis encompasses 14 parameters,
each playing a significant role in scour depth prediction. These parameters include sediment
coarseness, flow shallowness, porosity, densimetric Froude number, Reynolds number, spur
dike length, height, thickness, orientation, width of flume, relative density, sediment
uniformity, flow intensity and time. By considering these parameters, the study aims to identify
the best option that will provide a more promising temporal scour depth formula based on a
statistical analysis of data and formulas in literatures. Therefore, useful statistical influence
factors are used to evaluate eight existing literature formulas alongside a newly derived formula
concerning their effectiveness in predicting temporal scour depth. The model has been
evaluated using different statistical performance indicators including Coefficient of
Determination (R?), Root Mean Squared Error (RMSE), Nash Sutcliffe Efficiency (NSE), and
Mean Bias Error (MBE). The weightage of each influencing factor on the accuracy of
predictions is calculated using CRITIC, Entropy, and AHP methods. Ranking of each formula
based on their performance is determined using PROMETHEE and TOPSIS. The findings of
the study reveal that the newly proposed formula most accurately predicts the dy; in terms of Pis
as well as comparing statistical influence indicators such as R?= 0.84, RMSE = 0.13, NSE =
0.86, and MBE=0.003. The ranking of the formulas indicates that the newly developed formula
consistently achieves the top position for each combination of weightage, for both the
corresponding rankings. The formula of Coleman et al. (2003) is found useful for predicting
dy, particularly when equilibrium scour depth (ds) and equilibrium time (Z) are known.
Additionally, the formulas proposed by Nasrollahi et al. (2008) and Karimi et al. (2012a, b)
are found with similar accuracy compared to Coleman et al. (2003). Overall, this study not
only identifies the most reliable formula for predicting d; but also emphasizes the importance
of considering practical constraints and real-world applicability in engineering solutions. By
prioritizing practicality over idealistic approaches, engineers can make informed decisions that
strike a balance between accuracy and feasibility.
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Chapter 1
Introduction

1.1 Brief Description

Scour occurs due to the erosive action of flowing water (Barbhuiya and Dey, 2004; Kothyari
and Ranga Raju, 2001; Pandey et al., 2018b). Scour is responsible for the failure of many
hydraulic structures (Chavan and Kumar, 2017; Kothyari et al., 2007; Lodhi et al., 2016;
Pandey et al., 2018a; Singh et al., 2020). Hence, it is crucial to accurately predict the scour
depth around the hydraulic structures such as bridge piers, abutments, and spur dikes
experimentally, numerically as well as using machine learning techniques. There are
numerous studies available for isolated bridge piers and a combination of bridge piers. The
study on isolated pier scour depth computation formula conducted by Melville and Chiew,
1999; Oliveto and Hager, 2002; Azamathulla et al., 2010; Nandi and Das, 2023a; Nandi et al.,
2024a; and Nandi et al., 2024b. The study of eccentric multiple piers conducted by several
researchers (Das et al., 2014a; Das et al., 2014b; Das et al., 2016; Das and Mazumdar, 2018;
Das et al., 2019; Nandi and Das, 2023b). The flow characteristic near the pier has been studied
by Das et al., 2013; Das et al., 2014c; Das et al., 2017; Jaman et al., 2017; and Das et al.,
2019. The extensive review of the literature has revealed a significant gap in research
concerning spur dikes and their working principles. Spur dikes are mainly used for reducing
the flow velocity and diverting the main channel flow (Oliveto and Hager, 2002; Kothyari et
al., 2007). The scour depth at a spur dike mainly depends on its length, flow parameters, and
sediment characteristics (Azamathulla et al., 2010; Azamathulla et al., 2008; Karna et al.,
2015; Pandey et al., 2019; Singh et al., 2020).

This study aims to evaluate and compare formulas predicting scour depth around a spur
dike, using experimental data from the last two decades. It aims to establish criteria for
selecting the best formula, employing multi-attribute decision-making techniques such as
CRITIC, Entropy, and AHP to determine weightage, PROMETHEE, and TOPSIS for
ranking.

1.2 Spur Dike

A spur dike is a kind of transverse structure that is usually built in rivers or streams. It creates
a barrier that modifies the watercourse's flow patterns by extending outward from the bank
into the moving water. These structures have different functions such as-

Flow Direction: Spur dikes help regulate and direct the flow of water through channels.
Water can be directed towards a desired direction by extending into the stream, which helps
to control the movement of sediment and prevent bank erosion.



Bank Protection: Spur dikes are used to protect against bank erosion, which is the main
purpose of bank protection. When water can’t move freely, it has less power to wear away
the land and make the banks weaker and more likely to collapse.

Enhancement of Habitat: Spur dikes create stable pools in turbulence-prone or disturbed
streams. These pools give aquatic life a place to live and a haven, which enhances biodiversity
and the health of the ecosystem in the watercourse.

Spur dikes are beneficial, but they also have the potential to upset the natural
equilibrium of streams or rivers. These structures cause modifications in the dynamics of the
flow, which in turn affects the patterns of sediment transport and velocity. This disturbance
starts a process called scouring, in which the water's force erodes the watercourse's bed and
banks near the dike's base.

Hydraulic engineers face a great deal of difficulty with the scouring process because it
can jeopardize the stability of surrounding structures like embankments and bridge
foundations. Thus, it is considered essential to precisely forecast and alleviate the
consequences of local scour around spur dikes in order to guarantee the sustainable and safe
design of hydraulic infrastructure in riverine environments.

1.3 Scouring Around Spur Dike

The significant localized erosion of sediments that happens when a liquid's erosive capacity
surpasses the sediments' resistance to it is known as scour. The liquid's erosive capacity results
from pressure fluctuations that occur during turbulent flows, and the sediments' inherent
properties such as mass strength, dimension, internal friction, and shape and orientation,
determine their capacity to withstand it. Erosion and scour are interchangeable terms. Only
two types of scours, local scour and contraction scour are taken into consideration. Here is a
description of these to help for better understand.

When a stream channel's flowing area is reduced or contracted either naturally or
through the installation of spur dikes contraction scour happens. An increase in average
velocity and bed shear stress are the outcomes of a contraction in the flowing area. More bed
and side materials are displaced as a result of an increase in erosive forces in the contracted
area. Until the stream reaches a relative equilibrium, the flow area grows as the bed elevation
decreases, resulting in a drop in velocity and shear stress. This indicates that the quantity of
scoured bed material that was removed from the flow area and moved into the area is equal.

A spur dike's foundational stream flow contraction may result from a natural decline in
the stream channel's flow area or from other causes like

(1) Constrictions in the natural flow of streams.

(2) Bends in the banks that are naturally formed by sediment deposits.

(3) Debris in the river.

(4) Vegetation growth in the floodplain or channel.

(5) Flow with pressure.

The development of vortices at the base of spur dikes is the fundamental process
underlying local scour. The collision of water fronts on the obstruction's surface at the
upstream side and the significant acceleration of flow close to the dike's toe are the causes of
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vortices. The rate of change in the scour bed is greater close to the spur dike foundation than
it is farther away. A scour hole is formed around the structure's base as a result of this process.
The horseshoe vortex's strength diminishes with increasing scour hole depth, slowing the rate
at which sediment is transported from the base region.

The following variables have an impact on the local scour depth around the spur dike:

(1) Velocity of flow upstream.

(2) Depth of flow.

(3) The spur dike's width.

(4) Contraction ratio.

(5) The spur dike's length.

(6) Size and grade of bed particles.

(7) The spur dike's orientation angle.

(8) Spur dike's shape.

(9) Bed configuration.

(10) Debris and vegetation.

1.4 Classification of Scour

Scour refers to the erosion of earth material from a channel, whether it is stable or unstable.
It occurs in proximity to various hydraulic structures such as spur dikes, and abutments near
roads, riverbanks, and bridge piers, and is a critical consideration for hydraulic engineers.

1.4.1 Contraction Scour

The erosion of the land around the structures that resemble spurs occurs when the water flow
is restricted by their presence. Dikes are commonly constructed at right angles to the river’s
edge to guide water, prevent erosion, and maintain the river course. However, they can also
cause erosion downstream, like other hydraulic structures such as bridges or culverts, but with
some distinctions in mechanisms and characteristics. This is how the process of contraction
scour (Fig. 1.1) occurs around structures that resemble spurs.

Flow Contraction: Spur dikes cause the river flow to narrow as water goes around and
between them. The narrowing of the channel causes the water to move faster and have more
energy as it flows past the dikes.

Acceleration and Turbulence: When flow encounters spur dikes, it speeds up, resulting
in increased flow speeds in the area behind the dikes. When the water moves faster, it creates
swirls and bumps that make the land wear away more quickly.

Sediment Transport: The faster the water moves after the dikes are built, the more
sediment it can pick up and carry away, which can damage the riverbed and banks. When soil
is washed away by water, it can make the riverbanks and nearby buildings less secure.

Channel Morpho dynamics: The morpho dynamics of the river channel can be changed
by contraction scour caused by spur dikes, which can influence how sediment moves, the
shape of the river bed, and the overall shape of the channel as it flows downstream.



To prevent erosion caused by the contraction of the land, various measures can be taken
around the dikes, such as:

Riverbank Stabilization: Using techniques like riprap or planting vegetation to secure
the riverbanks located after the spur dikes, can help protect the bank from erosion.

Flow deflectors or guide structures: They can be installed to redirect the flow of water
away from areas that are susceptible to erosion and protect downstream locations.

Aprons for Scouring: Building aprons or energy-absorbing structures after spur dikes to
slow down water flow and absorb energy, which helps prevent erosion.

Monitoring and Maintenance: To maintain the stability and structural integrity of spur
dikes, it is crucial to regularly assess the depth of scour and the movement of sediment, and
promptly address any necessary repairs or maintenance.
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Fig. 1.1. Schema of a long rectangular channel contraction at equilibrium scour condition: a
top view; and b side view (Dey, 2014).

1.4.2 Local Scour

The erosion that happens right next to and below the hydraulic structures is called local scour.
Dike construction is usually done at right angles to the riverbank to guide water flow, manage
sediment accumulation, and maintain river stability. Nevertheless, their existence can cause
erosion in the immediate vicinity of the structures because of the intricate water movement
and higher water speeds near and after the structures. This is how the erosion of the land
around the dike structures occurs locally.



Flow Contraction and Acceleration: Spur dikes cause a reduction in the flow path
width, resulting in an increase in flow speeds around and downstream of the structure. The
riverbed and banks experience more erosion as the speed of the water increases.

Vortices and Turbulence: As the water moves around the sharp bend, it forms whirls
and chaos behind it. In the rivers, turbulent flow can worsen erosion by removing sediment
from the riverbed and banks.

Bed and Bank Erosion: When spur dikes are present in the rivers, the flow becomes
faster and more chaotic, causing the riverbed and banks to lose sediment and create small
holes or pits.

Undermining of Structure: When the ground around the dikes is eroded for a long time
or very deeply, it can weaken the base of the structure, which can make it less safe and less
able to stop water and soil from moving.

The following are possible mitigation strategies for local scour around spur dike
structures:

Armour Protection: To prevent scour and stabilize the riverbed and banks, place
erosion-resistant materials around the base of the spur dike, such as riprap or concrete armour
units.

Toe Protection: To reduce the risk of undermining and stop erosion at the base of the
spur dike, toe protection measures like grouted riprap or gabions should be installed.

Scour Aprons: Build scour aprons, also known as energy dissipators, downstream of the
spur dike to minimize scour depth, dissipate energy, and lower flow velocities.

Hydraulic Modelling and Design: During the design phase, the possibility of local scour
is evaluated using hydraulic modeling techniques, and suitable scour countermeasures are
incorporated into the design of spur dike structures.

1.4.3 Live Bed Scour

Live bed scour at spur dikes is critical due to its potential to jeopardize the stability of river
engineering structures and disrupt the hydraulic dynamics of the channel. This erosion
phenomenon can result in structural damage, erosion, and safety risks downstream. Details
regarding its definition, mechanism, characteristics, and mitigation strategies are provided
below.

Definition: When sediment particles are entrained and carried by the flow around and
downstream of the spur dike structure, live bed scour (Fig. 1.2), also referred to as sediment
transport scour, takes place.

Mechanism: When flow velocities and sediment transport capacity are high enough to
start sediment transport, live bed scour usually happens during high flow events. This kind of
scour is typical in rivers and streams that are high in silt.

Features: Changes in bed morphology and channel geometry are caused by live bed
scour, which is the erosion and transport of sediment from the riverbed and banks downstream
of the spur dike. The eroded sediment can move downstream and deposit itself in places with
slower-flowing water.



Mitigation: Installing scour aprons or energy dissipaters downstream of the structure
can help minimize scour depth and erosion by reducing flow velocities and dissipating energy,
which are two possible mitigation strategies for live bed scour around spur dike structures.

1.4.4 Clear Water Scour (CWS)

Clear water scour (CWS) at spur dikes is crucial, as it directly undermines the structural
integrity of river engineering structures, posing risks of erosion, structural failure, and
downstream safety concerns. Details on its definition, mechanism, characteristics, and
mitigation strategies are elaborated below.

Definition: The erosion that happens right next to and below the hydraulic structures is
called local scour (Fig. 1.2). Dike construction is usually done at right angles to the riverbank
to guide water flow, manage sediment accumulation, and maintain river stability.
Nevertheless, their existence can cause erosion in the immediate vicinity of the structures
because of the intricate water movement and higher water speeds near and after the structures.
This is how the erosion of the land around the dike structures occurs locally.

Mechanism: Spur dikes cause a reduction in the flow path width, resulting in an
increase in flow speeds around and downstream of the structure. The riverbed and banks
experience more erosion as the speed of the water increases.

Features: As the water moves around the sharp bend, it forms whirls and chaos behind
it. In the rivers, turbulent flow can worsen erosion by removing sediment from the riverbed
and banks. When spur dikes are present in the rivers, the flow becomes faster and more
chaotic, causing the riverbed and banks to lose sediment and create small holes or pits.

Mitigation: When the ground around the dikes is eroded for a long time or very deeply,
it can weaken the base of the structure, which can make it less safe and less able to stop water
and soil from moving.

The following conditions are typical of clear water scour:

(1) Coarse bed material in streams;

(2) Flat gradient of the streams during low flow conditions;

(3) Local deposits of larger bed materials; and

(4) The areas along the banks or in vegetated channels.
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Fig. 1.2. Time development of Clearwater and live-bed scour (after Chabert and
Engeldinger 1956).



Chapter 2
Review of Literatures

2.1 Literature Review

This thesis work primarily focuses on predicting the temporal scour depth around spur dikes
and identifying the parameters that are highly influenced by the performance of spur dikes.
Prior studies have attempted to comprehend and forecast the temporal scour depth
surrounding spur dikes. Some of their contributions are discussed in more detail below:

The investigation on the effect of flow, spur-dike, and sediment characteristics on
maximum scour depth was conducted by Garde (1961) in a non-recirculating flume
measuring 0.61 m wide and 7.62 m long. It was determined that the influence on maximum
scour depth is adequately represented by the Froude number (F;) of the normal channel,
opening ratio (e), angle of inclination of the spur-dike (6), and average drag coefficient (Ca)
of sediment particles.

Experiments were conducted by Gill (1972), utilizing a flume measuring 0.76 m in
width, 0.46 m in depth, and 12.2 m in length. Two different sizes of uniform sand were
employed in the experiments. It was shown that a rather simple kinematic model for erosion
of sand beds in a long contraction can be modified for application to erosion around spur
dikes. The equilibrium depth of the scour depends on the size of the sand and the flow depth
upstream of the location of the spur dike.

Copeland (1983) conducted tests on a model in a sand bed flume with a channel top
width of approximately 2.4 m (8 feet) and an average depth of 0.07 m (0.24 feet). The flume
had a length of 39.62 m (130 feet). Copeland proposed that, in addition to other factors, the
coarse fraction of the bed material plays a significant role in influencing the scour depth
around the spur dike.

Suzuki (1987) conducted experiments to examine the characteristics of local bed forms
around a series of spur dikes in an alluvial bed with continuous sediment motion. Utilizing
two different flumes-one measuring 0.5 m wide and the other 0.4 m wide-and uniform sand
with a diameter of 0.6 mm, Suzuki observed that the local scour around the first spur dike
resembled that of a single spur dike. Additionally, he noted that the depth depended on the
flow depth d when the ratio d/W was less than 1.5.

Kuhnle (1997, 1998, 1999) conducted a series of experiments in a flume measuring 30
m in length, 1.2 m in width, and 0.6 m in height to investigate the volume of scour holes
associated with spur dikes. These experiments involved varying the orientation angles of the
spur dikes, overtopping flow height, and the contraction ratio. The findings revealed the
following:

o  There exists a positive correlation between the contraction ratio and flow depth with
the volume of scour for a given elapsed time under steady flow conditions.
o  The geometry of the scour hole was found to be influenced by the overtopping ratio.
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o  Among the three angles of spur dikes and two contraction ratios considered, 135° spur
dikes exhibited the lowest value, 90° spur dikes showed an intermediate value and 45°
had the highest bed erosion in the vicinity of a channel bank. Consequently, the
volume of the scour hole was highest for the 135° spur dikes.

Ballio and Orsi (2001) used multiple series of experiments to study the time-
dependent variation in scour depth for uniform sediment in clear-water scour conditions
(CWS) surrounding bridges, abutments, and spur dikes. Local phenomena around bridge
piers and abutments are generally considered to be similar; however, the presence of the
incoming boundary layer on the side wall in the abutment case results in extra pressure
gradients and, consequently, a more complex vortex pattern. Experimental data for bridge,
abutments are relatively scarce in the literature, especially regarding the time evolution of
scour. This study presents the results of several long-duration (3 days to 5 weeks) CWS
laboratory tests around bridge abutments. The time evolution of the erosion process was
analyzed with respect to local and global characteristic values (maximum, volume, hole
shape). In particular, the effect of the constriction ratio (e) between the transversal obstacle
dimension () and the flume width (W) was analyzed. In many practical situations, abutments
(or piers or spur dikes) obstruct a significant portion of the channel, leading to an expected
increase in scour effects due to the average acceleration caused by constriction around the
obstacle. Measured values for maximum scour are poorly predicted by literature formulas.
Scour depths are positively correlated with the constriction ratio, but increases are smaller
than expected from literature indications. Experimental results by Ballio and Orsi (2001)
indicated that models for bridge piers cannot be directly applied to abutments, spur dikes in
particular, time scales for the latter are significantly larger than for piers.

Experiments involving rectangular shaped singular and multiple spur dikes were
conducted by Oliveto and Hager (2002). Significant attention has been devoted to scour
related to bridge hydraulics in the past decade, encompassing its relationship to flood
hydrology and hydraulic processes alongside steady flow. A research study on bridge pier and
abutment scour, based on a large dataset collected at ETH Zurich, Switzerland, was presented
in their paper. In total, six different sediments were tested, including three uniform sediments.
Additionally, a wide range of scour elements were considered, spanning from 1 to 60% of the
channel width (W), with flow depths (d) ranging from 1 to approximately 40% of the channel
width. The agreement of his scour equation with both the data and the literature data was
considered sufficient in terms of river engineering accuracy, provided limitations relating to
hydraulic, granulometric, and geometrical parameters were satisfied.

Coleman et al. (2003) investigated time-dependent scour depth variation with several
series of experiments for uniform sediment under clear-water conditions near vertical wall
abutments. Each combination of flow, rectangular shaped abutment, and sediment parameters
underwent analysis, including the change in maximum local scour depth from plane-bed to
equilibrium conditions over time. Differences in scour rates and depths were observed based
on flow and sediment parameters, particularly for short (d// > 1) and long (d// < 1) abutments.
They proposed a time-dependent scour equation. It was concluded temporal scour depth
increases with an increase in V/V. ratio. For the same value of V/V. temporal scour depth
increases with the decrease in d// ratio.



Kothyari et al. (2007) modified the approach of Oliveto and Hager (2002) on the basis
of the difference between Fa and Fag, where Fqp is the densimetric particle Froude number for
the inception of scour at element (spur dikes). He took into account rectangular shaped single
and multiple spur dikes. Several experiments were conducted in a 1 m wide VAW, ETH
Zurich, Switzerland, scour channel. Gravel with a median particle size Dso of 4.3 mm and a
sediment gradation (o) of 2.35 made up the bed sediment. In the case of a single spur dike,
taking into account two different angles: 45°, and 90°. In the case of multiple spur dikes,
taking into account three different angles: 60°, 90° and 120°. Kothyari et al. also concluded
that the erosion rate mainly depends on the difference between the starting point of the total
bed shear stress and the critical bed shear stress and proposed a new method to calculate the
temporal variation in erosion depth around the spur dike in non-viscous sediments. They also
examined huge scour data near abutments and spur dikes and proposed the following
relationship to estimate the dimensionless temporal scour depth near un-submerged spur
dikes. when the channel section is rectangular and straight in plain, viscous effects of fluid
are less corresponding to approach flow depth d > 50 mm, Dso > 0.80 mm for p; > 2.65 kg/m>.

Yanmaz and Kose (2007) studied the properties of scour holes surrounding vertical wall
rectangular shaped abutments in clear water with consistent bed materials in relation to time.
Further relationships were looking into the surface area and volume of the scour holes
surrounding abutments in relation to time. Useful information for the preliminary design of
abutment footings and the placement details of armoring counter-measures, such as riprap,
provided by the findings of those studies. A 30 m long, 1.25 m wide, and 1 m deep rectangular
channel was used for a number of tests 1 to 23. The length of the abutment was 12.5 cm for
tests 1 to 10 and 20 to 21, and 10 cm for tests 11 to 19 and 22 to 23. gravel that, for tests 1 to
19, had a median particle size Dso of 1.8 mm, and for tests 20 to 23, 0.9 mm. The non-cohesive
sand bed sediment had a sediment gradation of 1.3, and the discharge flow was O = 0.08
m®/sec (constant) and V/V. <1 with a geometric standard deviation of roughly 1-40. Additional
relations were also derived for the time-dependent volume and surface area of the scour holes
around abutments.

Nasrollahi et al. (2008) took into account with rectangular shaped singular spur dike.
They studied the local scour of spur dikes using physical model tests and found that the scour
hole characteristics of spur dikes are related to Froude number, spur dike permeability, the
ratio of water depth to dike length, and the ratio of river channel width to dike length. A single
spur dike was erected in each experiment at a 90° angle to the direction of the main flow. A
number of tests 1 to 14 were carried out in a rectangular channel 12 m long, 2 m wide, and
0.6 m deep and Unsubmerged spur dike circumstances. Gravel with a median particle size
Dso of 1.3 mm and a sediment gradation of 1.3 made up the non-cohesive sand bed sediment
and Discharge of flow Q = 0.08 m*/sec (constant) and V/V. <.

Karami et al. (2012a) took into account multiple spur dikes in rectangular shape.
Multiple spur dikes were erected in each experiment at a 90-degree angle to the direction of
the main flow. The time variation of scour around the first spur dike in a series of spur dikes
was experimentally examined under different values of (V/V.) and four sizes of sediment bed
materials. It was found that the highest percentage of scouring (ds/dse = 70-90%) occurred
during the initial times of scouring (¢#/7 = 20%). Sediments were deposited between each two
spur dikes due to a decrease in velocity. The location of maximum scour depth was
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consistently observed near the upper corner of the first spur dike. The average upstream slope
of the scour hole was found to be near the angle of repose of sediment particles (6). Several
tests S1 to S8 and G1 to G3 were carried out in a rectangular channel 14 m long, 1.0 m wide,
and 1 m deep and Un submerged spur dike circumstances. Gravel with a median particle size
Dso 0f 0.19 mm for S1 and S2 and 0.91 mm for S3 to S5, 1 mm for S6 to S8 and 3 mm for G1
to G3 and a sediment gradation of 1.28, 1.38,1.39 and 1.37 respectively made up the bed
sediment and approach flow depth d varied and V/V. <1,

Karami et al. (2012b) investigated the scour phenomenon around rectangular shape
multiple spur dikes using both experimental and numerical methods. Tests were conducted in
a rectangular channel with gravel bed sediment and varying flow intensities (7/Vc). The high-
resolution laser bed-profiler (LBP) measured scour geometry. The computational fluid
dynamics (CFD) model SSIIM 2.0, employing the finite-volume method and the k-e
turbulence model with RNG extensions, simulated sediment transport. Results showed rapid
scour development initially, with around 80% occurring within the first 20% of equilibrium
time. Increasing the velocity ratio increased scour depth and volume around spur dikes,
particularly the last one. The average upstream slope of the scour hole matched the angle of
repose of sediment particles, and the first and last spur dikes experienced the maximum scour
depth. Different vortex formations were observed influencing scour hole depth.

Research was conducted by Pandey et al. (2014a) to investigate the scour and flow
behavior around rectangular shape single and multiple spur dikes. Six experiments were
conducted, comprising three runs for single spur dikes and three runs for multiple spur dikes
under clear water scouring over fine sand with a mean diameter of 0.27 mm. The experiments
took place in a rectangular channel measuring 24 m in length, 1.0 m in width, and 0.50 m in
depth. The working section of the flume was positioned 13.7 meters downstream from the
flume entrance and measured 3.9 m x 1.0 m x 0.40 m. Partially submerged spur dikes with a
transverse length of 10 cm were selected for the experiments.

An investigation was carried out by Pandey et al. (2014b) into the temporal variation of
scour around a single spur dike and the effect of multiple spur dikes on the scour phenomenon.
Nine experiments were conducted, comprising three runs for a single spur dike and six runs
for multiple spur dikes under clear-water scouring over fine sand with a mean diameter of
0.27 mm, standard deviation of 1.23, and specific gravity of 2.65, for three different discharge
rates, namely 0.0159 m3/sec, 0.0188 m?®/sec, and 0.0210 m?/sec. He observed that the
maximum scour depth typically occurs at the nose of the spur dike. Additionally, he noted
that the maximum scour depth is generally lower in cases involving multiple spur dikes
compared to those with a single spur dike. The experiments were conducted in a rectangular
channel measuring 24 m in length, 1.0 m in width, and 0.50 m in depth. The working section
of the flume commenced 13.7 m downstream from the flume entrance and measured 3.9 m x
1.0 m x 0.40 m. Partially submerged spur dikes with a transverse length of 20 cm and a
thickness of 2.5 mm were selected for the experiments.

An investigation was conducted by Pandey et al. (2015) to assess the accuracy of
existing equations for computing maximum scour depth, utilizing available data in the
literature and data collected in their study through graphical and statistical performance
indices. Additionally, three new relationships were proposed to estimate the maximum scour
depth and maximum scour length upstream and downstream of the spur dike. Experiments
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were conducted under clear-water scouring over fine sand with a mean diameter of 0.27 mm,
standard deviation of 1.23, and specific gravity of 2.65 for three different discharge rates:
0.0159 m>/sec, 0.0188 m>*/sec, and 0.0210 m*/sec. They reached the conclusion that the
Froude number of the spur dike significantly impacts both the equilibrium scour depth.
Furthermore, he reiterated that the maximum scour depth consistently occurs at the upstream
side and nose of the spur dike, accompanied by sediment deposition downstream due to
erosive forces. The experiments took place in a rectangular channel measuring 24 m in length,
1.0 m in width, and 0.50 m in depth. The working section of the flume commenced 13.7
meters downstream from the flume entrance and measured 4.0 m % 1.0 m x 0.60 m.
Impermeable spur dikes with a thickness of 2 mm and various transverse lengths of 6 cm, 8.5
cm, 10 cm, 12 cm, and 20 cm were utilized for the experiments.

Pandey et al. (2019) investigated the estimation of temporal scour depth variation
around spur dikes. A total of 12 experiments were conducted, comprising six runs for a single
spur dike and six runs for multiple spur dike under clear water scouring over fine sand with a
mean diameter of 0.27 mm. The experiments were carried out for three different discharge
rates: 0.0159 m?/sec, 0.0188 m>/sec, and 0.0210 m>/sec, in a rectangular channel measuring
24 m in length, 1.0 m in width, and 0.50 m in depth. The working section of the flume
commenced 13.7 m downstream from the flume entrance and measured 4.0 m x 1.0 m x 0.45
m. Partially submerged and impermeable spur dikes with transverse lengths of 10 cm and 20
cm and a thickness of 2 mm were selected for the experiments. He concluded that the
maximum scour depth is typically situated at the noses of the spur dike, but in the case of
equidistant three spur dikes, it was found to be located between the noses of the spur dike and
the junction with the spur dike wall. Additionally, he determined that the maximum scour
depth at the equilibrium stage increases with an increase in discharge and the transverse length
of the spur dike.

The temporal fluctuation of scour around partially submerged spur dikes formed in
cohesive sediment mixtures comprising clay-gravel and clay-sand-gravel mixes were
investigated by Lodhi et al. (2017) in a number of laboratory studies. The two most significant
cohesive sediment mixture characteristics that affect the depth of scour along rectangular
shaped spur dikes are the percentage of clay and unconfined compressive strength (UCS). As
the ratio of clay and UCS in the cohesive sediment mixtures rises, the depth of scour
decreases. The temporal variation of depth around partially submerged spur dikes embedded
in cohesive sediment mixtures in the wake of the spur dikes was proposed to be determined
by a computational technique.

Khassaf and Abbas (2018) calculated the maximum scour depth around an L-shaped
groyne in the current study using data from 56 laboratory experiments in which varying
groyne numbers and spacing were employed as a kind of countermeasure to lessen scour
around the groyne foundations. Within the study's limitations, the results demonstrated a
discernible decrease in scour depth as the number of groynes increased as well as the distance
between them. The scour depth increased as the flow depth, flow velocity, and Froude number
increased for a constant number of groynes and their distances from one another. The scour
depth decreased with increasing the number of groynes by approximately 3.33-30.2% for each
increase in groyne count equal to one, and with increasing the distances between them by
approximately 3.13-17% for each half of groyne length (0.5]) increase in these distances,
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under constant hydraulic conditions. At the groyne nose on the upstream side, the maximum
depth of scour was reached. Because it is the first groyne that the water collides with,
maximum scour has been seen at that location.

Lodhi et al. (2018) carried out a number of experiments to examine the impact of
cohesion on scour depth at the spur dike's wake zone using cohesive sediment mixtures
combining clay-gravel and clay-sand-gravel. In the experiments, two different kinds of
sediment mixtures were used. 1. A clay percentage ranging from 10 to 50% was combined by
weight with fine gravel; 2. A clay percentage ranging from 10 to 50% was combined by
weight with an equal amount of fine sand and fine gravel. It was discovered that the scouring
process surrounding the rectangular spur dike differed noticeably between cohesive and
cohesion less sediment mixtures that contained gravel-sized sediment. The scour pattern
surrounding the spur dike resembled cohesiveness sediment when the clay concentration was
less than 10% in the gravel-clay mixture and less than 20% in the gravel-sand-clay mixture.
Since all tests were carried out in clear water, no sediment deposition happened in the spur
dike's wake zone in cohesive sediment combinations.

In the study by Ning et al. (2019), the rectangular size of the spur dike group consisted
of four spur dikes of identical length and regular spacing. The spur dike spacings were 2 1, 3
1, and 4 ] mm in all three instances. Dso = 0.473 mm was used as the sediment's particle size.
Re =16,585, the Reynolds number, and Fr = 0.28, the Froude number, were constants, as were
the 0.00962 m*/sec (9.62 1/s) of flow discharge, 1/1000 channel slope, 40 cm of channel width,
9 cm of flow depth, 0.267 m/sec of flow velocity, and 1900 kg/m? (1.9 gm/cm?®) of sediment
density. He concluded that the maximum scour depth is typically found near the head of the
first spur dike. As the spacing between spur dikes increases, the shielding effect of the first
spur dike diminishes. In terms of velocity, he concluded that the maximum velocity in the
main flow zone is twice that of the approach flow velocity in a fixed bed, while it aligns
approximately with the incoming velocity during equilibrium scouring. The maximum
turbulent energy is predominantly located in the backflow area of the fourth spur dike in a
fixed bed, whereas in a movable bed, it peaks at the head of the second spur dike. Additionally,
shear stress decreases as scouring progresses. These findings suggest potential practical
applications for understanding and manipulating spur dike spacing in real rivers.

Pandey et al. (2019) estimated the maximum scour depth under equilibrium conditions
and identified the parameters influencing it in a sand-gravel mixture bed. They conducted 32
experiments under clear-water conditions in a rectangular channel measuring 24 m in length,
1.0 m in width, and 0.25 m in depth. The test section was situated 12 meters from the entrance
of the flume and measured 4.0 m x 1.0 m x 0.25 m. Each experiment had a duration of 20
hours. Four different rectangular spur dikes, made of 5 mm thick cast iron plates and having
transverse lengths of 6.0 cm, 9.0 cm, 11.5 cm, and 14.0 cm, were utilized in the experiments.
The study revealed that the non-dimensional maximum equilibrium scours depth increases
with the critical velocity ratio (V/V.), water depth-armour particle ratio (d/d,), Froude number
for sediment mixture (Frsm), and water depth-spur dike length ratio (d//), while it decreases
with an increase in the armour particle-spur dike length ratio (d./1).

Pandey et al. (2020) investigated to estimate the maximum scour depth around
rectangular spur dikes in sand-gravel mixes, Pandey et al., (2020) devised a temporal scour
depth equation. They concluded that the dimensional temporal scour depth variation increases
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with an increase in the threshold velocity ratio, the densimetric Froude number (Fq) of the bed
surface sediment mixture, the flow shallowness (defined as the ratio of the approach flow
depth (d), to the transverse length of the spur dike (/), and the flow depth-particle size ratio.
Additionally, he concluded that the temporal scour depth variation in the sediment mixture
was influenced by the non-uniformity of sediment and decreased with an increase in the non-
uniformity of the sediment mixture. The key contribution of this study was that it treats sand-
gravel mixes like movable beds. 32 clear-water trial runs were conducted in a rectangular
channel measuring 24 m in length, 1.0 m in width, and 0.50 m in depth. The working test
portion was located 12 m from the flume entrance and measured 4.0 m x 1.0 m x 0.4 m. Every
trial had a 20-hour duration.

Masood et al. (2021) examined the geometry of scour holes surrounding non-
submerged, impermeable spur dikes under clear water scour circumstances (V/V. =0.61). On
the two physically created bend models, several spur dikes with a rectangular shape were built
at various angles, including severe and gentle bends within an open rectangular channel. The
sediments in the channel bed have an average diameter of 0.71 mm (Dso0) and the slope is
consistent. The experimental execution of multiple spur dikes was found to be more efficient
in reducing scour in a channel bend.

Farshad et al. (2022) took into account rectangular singular spur dike. 9 runs were
conducted in the case of a singular spur dike for steady flow and 27 runs were conducted in
the case of a singular spur dike for unsteady flow, taking into account three different angles:
60°, 90°, and 120°. Several tests were carried out in a rectangular channel 10 m long, 0.76 m
wide, and 0.60 m deep and Un submerged spur dike circumstances. Gravel with a median
particle size Dso of 0.8 mm and a sediment gradation of 1.22 made up the bed sediment. For
steady flow, depth of flow (d) = 0.202 m, discharge of flow (Q)=0.05 m*/sec (50 I/s) and time
taken to reach temporal scour depth (¢)=3600 sec was constant, but for unsteady flow, these
parameters were varied. He concluded that the orientation angle of the spur dike had no
significant effect on scour depth, particularly with impermeable spur dikes. However, the
impact of orientation angle became more apparent with increased permeability, Spur dike
permeability consistently influenced scour depth, with scouring reducing significantly as
permeability increased. The percentage differences in maximum scour depth between
impermeable spur dikes and various degrees of permeability ranged from 44% to 88%.

Alasadi et al. (2023) conducted all of the experiments with clear water flowing on a
zero-flume bed in a subcritical steady state. The impact of the following critical parameters
on the entire scouring process and the maximum depth of scour was demonstrated by a
number of experiment sets (56 experiments): flow depth (d), flow velocity (V), Froude
number (Fr), spur-dikes number (n), and distance between spur-dikes (Ss). The Froude
number (Fr), flow depth (d), and mean approach velocity (V) of the flow all directly impacted
the scour depths. The hydraulic conditions increase the scour depths when the number and
distance of spur dikes remain constant. For a single V shaped spur-dike (n = 1), the scour
depth will rise by approximately 80% when the water depth is increased from 16 to 26 mm,
by approximately 30% when the water depth is increased from 26 to 36 mm, and by
approximately 23% when the water depth is increased from 36 to 46 mm. The spur-dike nose
at the upstream face had the deepest scour.
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Patel and Kumar (2023) analyzed the flow behavior near the T-shaped spur dike field
with 5%, 10%, and no seepage in experimentally. Analyzing the channel morphology with
various discharges was the goal of the experiments. The findings show that the channels' bed
elevation and scour depth are significantly altered by downward seepage movement. At the
edge of the first spur dike facing the flow, the maximum scour depth is noted. The effect of
seepage also accelerates the rate of scouring. The flow distribution is shifted close to the
channel bed as a result of downward seepage. Nevertheless, attained some velocity close to
the channel boundary, greatly increasing the rate of sediment transport. Extremely low
velocity magnitudes of both positive and negative values were observed in the wake zone
between the spur dikes. This demonstrates cross-stream circulation and secondary current
generation within the loop. Near the channel's edge, the velocity, Reynolds shear stress, and
turbulent kinetic energy magnitude all increase with an increase in seepage percentage. The
purpose of this study was to examine how the hydro-morpho dynamics process near the spur
dikes is affected by seepage that occurs downward. Three T-shaped spur dikes with different
percentages of seepage—no seepage, 5% seepage, and 10% seepage—were the subject of the
investigation. The variation in bed morphology, longitudinal profile, and temporal evolution
of scour depth are also shown in this section for two distinct discharge rates, 0.023 m?*/s and
0.030 m*/s, with and without downward seepage. In addition to these findings, the zone of
spur dikes' turbulent flow properties under seepage and non-seepage circumstances were
investigated, including stream wise velocity, Reynolds shear stress, and turbulent kinetic
energy.

An investigation was conducted by Patel and Kumar (2024), focusing on three distinct
spur dike shapes (T, L, and rectangular) under different seepage velocities (¥s1 and Vs2) and
a no-seepage condition. Nine experiments were conducted, comprising three runs for T-
shaped spur dike, three for L-shaped spur dike, and three for a rectangular spur dike under
clear-water scouring over fine sand with a mean diameter of 1.1 mm, a discharge of 0.023
m?/sec, a geometric standard deviation of 1.03, and a sediment density of 2.65. The
experiments took place in a rectangular channel measuring 17.2 m in length, 1.0 m in width,
and 0.72 m in depth. Partially submerged and impermeable spur dikes with a transverse length
of 12.6 cm were utilized for the experiments. Additionally, it was investigated that downward
seepage intensified the motion of sediment particles, and increased seepage resulted in
escalated particle detachment, leading to deeper scour depressions. The T-shaped spur dikes
exhibited the lowest scour depths compared to the other shapes, both with and without
seepage.

2.2 Research Gap

Various studies have explored methods to predict the temporal scour depth around a spur
dike. Several researchers utilized their experimental data (Pandey et al. 2020) to validate it
using formulas from 2-3 existing researchers (Oliveto and Hager, 2002; Kothyari et al. 2007).
None of the researchers has developed a formula that combines data from all researchers and
validates it against all the existing formulas. Likewise, none of the researchers has conducted
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thorough statistical analyses to rank the formulas So, there is a notable gap in the existing
literature: a lack of comprehensive reviews that compile all available literature data and
formulas for conducting a thorough comparative analysis. This gap suggests a need for a
study.

2.3 Need of the Study

The need for this study stems from several critical factors that highlight its importance in the
present research landscape:

Addressing a Research Gap: The absence of comprehensive reviews that compile all
available literature data and formulas for predicting temporal scour depth around a spur dike
signifies a significant gap in the existing literature. Addressing this gap is crucial for
advancing the understanding and predictive capabilities in this field.

Integration of Multiple Sources: Existing studies have primarily validated their findings
using formulas from a limited number of researchers, neglecting the potential benefits of
integrating data from various sources.

Lack of Comprehensive Formulas: Researchers have not developed formulas that
combine data from all available studies and validate them against each other. This gap
suggests a need for a more holistic approach to formula development.

Absence of Thorough Statistical Analyses: Despite the abundance of studies, there is a
lack of comprehensive statistical analyses to rank the effectiveness of different formulas. This
hinders the ability to identify superior formulas or discern trends across various conditions.

Need for Comprehensive Understanding: Given the critical importance of accurately
predicting scour depth around a spur dike for infrastructure safety, there is a pressing need for
a study that systematically gathers and evaluates existing research. Such a study would
provide a comprehensive understanding of the predictive capabilities of different formulas
and facilitate informed decision-making in engineering practices.

Advancing Research: By conducting a thorough comparative analysis of existing
literature data and formulas, this study can identify gaps in knowledge, highlight areas for
further research, and stimulate advancements in the field of hydraulic engineering. This, in
turn, can lead to the development of innovative approaches and tools for predicting scour
depth around a spur dike.
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Chapter 3
Local Scour Characteristics Around Spur Dike

3.1 Local Scour Mechanism

Local scour around a spur dike is a significant concern in river engineering and hydraulic
structure design. Spur dikes are built perpendicular to the riverbank to redirect flow, control
erosion, and stabilize riverbanks. However, they can induce scouring due to the alteration of
flow patterns around them. Here's a detailed explanation of the local scour mechanism around
a spur dike, accompanied by a figure (Fig. 3.1a, b) illustrating the process.
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Fig. 3.1. (a) Diagrammatic representation of the flow processes around a spur dike (Pandey
et al., 2018a), and (b) Flow pattern around a spur dike (Zhang and Nakagawa, 2008).

3.1.1 Flow Diversion

When the river flow encounters the spur dike, it divides into two streams: one flowing around
the dike (main channel flow) and the other behind the dike (secondary flow or eddy).

3.1.2 Horseshoe Vortex Formation

As the flow passes the upstream end of the spur dike, a horseshoe vortex forms. This vortex
is caused by the abrupt change in flow direction and velocity, resulting in intense swirling
motion near the dike's nose.

The horseshoe vortex (Fig. 3.1b) is characterized by high velocities and turbulence,
leading to sediment erosion at the base of the dike.
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3.1.3 Down Flow Formation

Downstream of the spur dike, the flow accelerates, creating a region of down-flow (Fig. 3.1a,
b) where sediment erosion can occur. The downward velocity gradient leads to the scouring
of the riverbed.

The high-velocity down-flow can deepen the scour hole around the base of the dike,
further compromising its stability.

3.1.4 Wake Vortex Formation

As flow continues downstream, a wake vortex forms in the lee of the spur dike. This vortex
is characterized by recirculating flow and can further exacerbate scouring by trapping
sediment particles.

The wake vortex (Fig. 3.1a, b) contributes to the scouring process by maintaining
turbulence and sediment suspension, leading to continued erosion around the dike's base.

3.1.5 Scour Hole Formation

The combined effects of the horseshoe vortex, down-flow, and wake vortex result in the
formation of a scour hole (Fig. 3.1a) around the base of the spur dike. Sediment erosion occurs
due to the complex flow patterns, leading to the excavation of the riverbed.
The scour hole can compromise the stability of the dike foundation, potentially leading to
structural failure if left unaddressed.

Local scour around a spur dike is a dynamic process influenced by complex flow
interactions. Understanding the mechanisms involved is crucial for designing effective
countermeasures to mitigate erosion and ensure the stability of hydraulic structures.

3.2 Classification of Spur Dikes

Classifying spur dikes helps predict scour depth, vital for erosion risk assessment and long-
term structural stability. By understanding hydraulic behavior, accurate modelling of scour
evolution enables proactive mitigation and sustainable riverbank management, streamlining
decision-making and minimizing maintenance costs. Below are the descriptions detailing the
classifications of spur dikes.

3.2.1 Classification of Spur Dikes Based on Permeability
Spur dikes are classified based on different criteria, including their construction methodology.
They can be categorized as either permeable or impermeable as shown in Fig. 3.2. Permeable

spurs allow water to pass through, reducing velocity, while impermeable spurs deflect flow
entirely because they are solid structures (Uijttewaal, 2005).
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Impermeable Spur Dikes: These spur dikes are designed to obstruct water flow
completely, directing it away from vulnerable areas or controlling sediment deposition.
Impermeable spur dikes are typically constructed using materials such as concrete or
compacted soil, which do not allow water to pass through easily.

Permeable Spur Dikes: These spur dikes are designed to allow significant water flow
through or around the structure without causing obstruction. They are typically constructed
using porous materials such as vegetation, geotextiles, or rock-filled gabions with larger void
spaces. Permeable spur dikes are often used in ecological restoration projects where
maintaining natural hydrological processes is important.

SPUR DIKE SPUR DIKE
u/is D/s u/is D/s

RIVERBANK / EMBANKMENT RIVERBANK / EMBANKMENT

IMPERMEABLE PERMEABLE

Fig. 3.2. Types of spurs based on construction methodology (Uijttewaal, 2005).
3.2.2 Classification of Spur Dikes Based on Submergence

Spur dikes can be classified based on various construction materials, including timber, wood,
piles, rock, and concrete (Barkdoll et al., 2007; Dehghani et al., 2013). They are also
categorized according to submergence conditions, which include fully and partially
submerged types, as illustrated in Fig. 3.3.

Submerged Spur Dikes: These spur dikes are completely submerged under all flow
conditions, including normal flow and flood events. While they may not provide visible
above-water structures, they can still influence flow patterns and sediment transport beneath
the surface. Fully submerged spur dikes are often used in locations where maintaining a
natural appearance or minimizing obstruction to navigation is important.

Non-Submerged Spur Dikes: These spur dikes remain above the water level under
normal flow conditions. They are designed to redirect flow, control sediment, and stabilize
riverbanks without being fully submerged. Non-submerged spur dikes are typically effective
in managing moderate flow conditions and are commonly used in river engineering projects.
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Fig. 3.3. Types of spurs based on submergence conditions (Uijttewaal, 2005).

Under fully submerged conditions, water flows over the top of the spurs, while in
partially submerged spurs, the height of the spurs exceeds the water depth. Permeable spurs
are typically favored for fully submerged conditions because water can pass through them
without significantly affecting the structure. Conversely, solid impermeable spur dikes are
used in non-submerged conditions due to the potential extreme impact of horizontal water
pressure.

3.2.3 Classification of Spur Dikes Based on Angle of Inclination

Spur dikes are classified based on the action of stream flow, including attracting, repelling,
and deflecting spurs, as depicted in Fig. 3.4. Attracting spurs are constructed with a
downstream inclination typically ranging from 45° to 60°. This orientation reduces the impact
of flow on the opposite riverbank by diverting flow towards the structure. Repelling spurs, on
the other hand, feature an upstream inclination typically ranging from 60° to 80°. This
orientation is employed to repel water flow away from the structure towards the opposite
bank. Deflecting spurs are oriented at an angle of 90° with the bank and are commonly used
for localized bank protection.

Attracting Spur Dikes: These spur dikes are oriented to attract flow towards specific
areas, often to mitigate erosion or sedimentation concerns in targeted locations. They are
typically installed at an angle or curve to guide flow towards the desired area, such as a
riverbank undergoing erosion or a sediment deposition zone. Attracting spur dikes can help
concentrate flow, enhancing sediment transport or promoting bank stability in critical areas.

Deflecting Spur Dikes: Deflecting spur dikes are designed to redirect flow away from
vulnerable areas, such as eroding riverbanks or infrastructure. They are typically oriented
perpendicular or at an angle to the flow direction, causing the flow to change direction upon
encountering the structure. Deflecting spur dikes helps in controlling erosion by diverting
flow away from sensitive areas or preventing sediment deposition by maintaining flow
velocity.

Repelling Spur Dikes: These spur dikes are oriented to repel flow from specific areas,
often to protect infrastructure or habitats from erosive forces or sedimentation. They are
typically installed parallel or at an angle to the flow direction, creating flow resistance or
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turbulence to discourage flow towards the protected area. Repelling spur dikes are effective
in preventing scouring around bridges, protecting embankments, or maintaining clear
channels in sensitive habitats.
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Fig. 3.4.Types of spurs based on the action of stream flow (Barkdoll et al., 2007).

3.2.4 Classification of Spur Dikes Based on Geometry

In terms of plan shape, spurs can be further classified as straight spurs or variations such as I-
head, T-head, L-head, hockey-shaped, inverted hockey-shaped spurs, as well as straight spurs
with pier head, wing, or tail spurs, as illustrated in Fig. 3.5.

Straight Spur Dike: Straight spur dikes extend directly outward from the riverbank into
the channel in a linear fashion. They are typically used in locations where flow redirection is
needed without significant curvature in the river channel. Straight spur dikes are relatively
simple in design and construction, making them common in various river engineering
applications.

T-Head Spur Dike: T-head spur dikes have a configuration resembling the letter "T",
with a main structure extending outward perpendicular to the bank and a perpendicular
extension at the end. The perpendicular extension helps in deflecting flow and guiding it away
from the bank, reducing erosion and promoting sediment deposition along the structure. T-
head spur dikes are effective in stabilizing riverbanks and controlling flow dynamics in areas
with moderate to high flow velocities.

L-Head Spur Dike: L-head spur dikes have a configuration resembling the letter "L",
with a main structure extending outward perpendicular to the bank and a shorter extension at
the end.

The shorter extension provides some deflection of flow while minimizing obstruction
to navigation or flow conveyance. L-head spur dikes are often used in locations where space
or hydraulic conditions limit the length of the structure.

Hockey-Shaped Spur Dike: Hockey-shaped spur dikes have a curved configuration
resembling the shape of a hockey stick, with a gradual curve extending outward from the
bank.

The curved shape helps in gently redirecting flow around bends or meanders in the river
channel, reducing erosion and promoting sediment deposition along the structure. Hockey-
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shaped spur dikes are effective in stabilizing riverbanks and controlling flow dynamics in
areas with pronounced curvature in the channel.

Inverted Hockey-Shaped Spur Dike: Inverted hockey-shaped spur dikes have a curved
configuration similar to hockey-shaped spur dikes but with the curve facing upstream. This
configuration is designed to create flow separation and induce sediment deposition on the
upstream side of the structure while minimizing scouring on the downstream side. Inverted
hockey-shaped spur dikes are effective in managing sediment transport and stabilizing
riverbanks in locations with high sediment loads or variable flow conditions.

Wing or tail spur dikes: Wing or tail spur dikes are structural elements built
perpendicular to the riverbank, resembling the wings or tails of birds. These formations are
designed to deflect or redirect flow away from vulnerable areas, such as eroding banks or
nearby structures. They are particularly effective in controlling sediment transport and
stabilizing river channels by altering flow dynamics and reducing erosive forces along the
banks. Wing or tail spur dikes are commonly utilized in river engineering projects to enhance
flood protection, improve navigation, and promote ecological restoration.
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Fig. 3.5. Types of spurs based on appearance in plan (Przedwojski et al., 1995).

3.3 Classification of Scour Parameters

The classification of scour parameters around spur dikes involves identifying and categorizing
the various factors that influence the erosion and scouring processes near these hydraulic
structures. Here's a detailed description of the key scour parameters:

3.3.1 Spur Dike Properties
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Classifying scour parameters based on spur dike properties is important for tailoring effective
erosion mitigation strategies and designing resilient river engineering structures that account
for specific site conditions and environmental factors. The characteristics of spur dikes,
delineated below, encompass dimensions such as length, height, and thickness, as well as
factors like orientation and material composition, all of which are pivotal in influencing their
hydraulic behavior and susceptibility to scour.

Spur Dike Length (I): The length of the spur dike affects the extent of flow diversion
and alteration, consequently impacting scour patterns. Longer spur dikes may induce larger
scour holes.

Spur Dike Geometry: The shape of the spur dike, whether straight or curved, can
influence flow patterns and scour mechanisms. Different shapes may lead to variations in
scour depth and distribution.

Spacing between Spur Dikes (Ss): When multiple spur dikes are installed in a series, the
spacing between them affects flow patterns and scouring mechanisms. Closer spacing may
lead to increased scour between dikes.

Spur Dike Orientation (6): The angle at which the spur dike is positioned relative to the
flow significantly influences flow patterns and scour mechanisms around the structure,
impacting erosion and stability.

Degree of Permeability (¢): The degree of permeability of the spur dike material affects
flow dynamics and scour patterns, with more permeable materials potentially reducing scour
intensity by allowing water passage through the structure.

Spur Dike Construction Materials: The choice of construction materials for the spur
dike, such as concrete, riprap, or gabions, determines its resistance to erosion and scour,
directly influencing the longevity and effectiveness of the structure in mitigating erosion risks.

3.3.2 Flume Properties

Flume Width (W): "Flume width" is crucial in hydraulic experiments, especially those
studying sediment transport, flow dynamics, and channel morphology. It directly shapes
water flow patterns, velocity distribution, and sediment transport capacity. Precise control and
measurement of flume width are vital for reliable experimental outcomes and insights into
river or stream behavior.

3.3.3 Bed Properties

Understanding bed properties on spur dikes is crucial as they directly impact sediment
transport, scour processes, and the overall stability of river engineering structures, informing
effective design and maintenance strategies.

Bed Material Size and Type (Dso): The size and type of sediment particles in the riverbed
determine their susceptibility to erosion. Finer sediment particles are more easily entrained
by flowing water, leading to increased scour.
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Sediment Cohesion: Cohesive sediments tend to resist erosion more than non-cohesive
sediments. The cohesion among sediment particles affects their stability and susceptibility to
scour.

Geometric standard deviation (0): A measure of sediment particle size distribution, that
impacts scour depth and erosion potential around spur dikes. It helps characterize sediment
properties, aiding in accurate scour prediction and mitigation strategies.

Relative density: indicating the compactness of sediment particles, influences scour
depth and erosion patterns around spur dikes. Higher relative density often correlates with
reduced scour potential due to greater particle stability and resistance to erosion.

3.3.4 Fluid Properties

Fluid properties on spur dikes are critical as they govern the density of fluid, kinematic
viscosity, and sediment transport, directly influencing scour processes and the structural
integrity of river engineering features.

Density of Fluid (p): The density of the fluid within the system plays a vital role in
determining buoyancy forces, pressure gradients, and the fluid's ability to carry sediment, all
of which impact the effectiveness of the spur dike in managing river dynamics.

Kinematic viscosity (v): Kinematic viscosity, reflecting the fluid's internal resistance to
flow, affects the boundary layer development and shear stresses, influencing sediment
transport rates and overall flow dynamics within the spur dike structure.

Acceleration due to gravity (g): The acceleration due to gravity remains a constant force
influencing the behavior of fluid flow around and through the structure, affecting sediment
transport and erosion patterns.

3.3.5 Flow Properties

Understanding flow properties on spur dikes is essential as they dictate the interaction
between water and the structure, influencing scour depth, sediment transport, and structural
stability, thus guiding effective design and maintenance approaches.

Flow Velocity (V): The velocity of water flow around the spur dike is a crucial parameter
affecting scour depth. Higher velocities generally lead to increased erosion and scouring.

Critical Flow Velocity (V): Critical velocity is crucial for understanding and mitigating
scour around spur dikes, dictating scour onset and guiding design for stability. Mitigation
strategies involve adjusting dike parameters and flow conditions, while regular monitoring is
essential for maintenance.

Flow Depth (d): The depth of flow upstream and downstream of the spur dike influences
the energy of the flow, which in turn impacts scour potential. Greater flow depths can result
in higher scour depths.

Flow Discharge (Q): The volume of water passing a point in a specified time, influences
scour intensity and erosion patterns around spur dikes. Understanding flow discharge is
crucial for accurately predicting and managing scour risks.
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Sediment Transport Capacity: This parameter refers to the flow's ability to transport
sediment particles. Higher sediment transport capacity increases the erosive potential of the
flow, contributing to scouring around the spur dike.

Steady and Unsteady Flow: Scour processes can differ under steady flow conditions
compared to unsteady flow conditions, such as during flood events. Unsteady flows may
induce more rapid and unpredictable scouring.

Uniform and Non-Uniform Flow: Flow uniformity or non-uniformity affects the
distribution of flow velocities and sediment transport, thereby influencing scour patterns.
Non-uniform flows can lead to scour hotspots.

Froude Number (Fr): The Froude number, a dimensionless parameter comparing flow
inertia to gravitational forces, characterizes flow regimes around spur dikes. It helps predict
the occurrence of critical flow conditions leading to scour initiation or mitigation.

Reynolds Number (Re): Reynolds number, another dimensionless parameter comparing
inertial to viscous forces, quantifies flow turbulence and boundary layer behaviour around
spur dikes. It aids in assessing sediment transport capacity and scour potential under different
flow conditions.

3.3.6 Time Properties

Time properties on spur dikes are crucial as they govern the evolution of scour processes over
time, providing insights into the long-term stability and maintenance requirements of river
engineering structures.

Temporal time (t;): Temporal time refers to the duration over which changes in flow
patterns or sediment deposition occurs, crucial for understanding the dynamic response of the
system to external factors such as water flow variations or sediment loads.

Maximum time (t,): Maximum time represents the point at which the system reaches its
peak response or stability, indicating the time required for the system to adjust to significant
changes in flow conditions or sediment transport rates.

Equilibrium time (t.): Equilibrium time signifies the period when the system reaches a
steady state, with flow and sediment dynamics stabilizing, essential for assessing the long-
term effectiveness of spur dike structures in river management and erosion control strategies.

3.3.7 Scour Depth Properties

Scour depth properties on spur dikes are vital as they directly reflect the erosion susceptibility
of structures, guiding risk assessment, maintenance scheduling, and structural design for
optimal stability and safety.

Temporal Scour Depth (ds): The variation of scour depth over time, is critical for
assessing the dynamic behaviour and long-term stability of spur dikes. Monitoring temporal
scour depth aids in understanding erosion trends and implementing timely maintenance
measures.
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Maximum Scour Depth (dsm): The deepest point of scouring around the spur dike,
influenced by all the aforementioned parameters. Maximum scour depth is a critical factor for
evaluating the stability of the dike.

Equilibrium Scour Depth (ds): The stable depth of scour around a spur dike under
steady flow conditions, is essential for assessing the long-term stability and design adequacy
of the structure. Understanding this parameter helps engineers ensure the dike's resilience
against erosion over time.

Rate of Scour Development: The speed at which scour depth increases over time,
influenced by flow characteristics and sediment properties. Understanding the rate of scour
development is essential for assessing the long-term stability of the structure.

3.3.8 Structural Properties

Structural properties for spur dikes are essential as they determine the capacity to withstand
hydraulic forces, influencing the longevity and reliability of river engineering structures in
mitigating scour and ensuring overall stability.

Spur Dike Material: The material composition of the spur dike impacts its resistance to
scour and erosion. Materials like concrete or riprap are commonly used for their durability.

Spur Dike Design: The design characteristics of the spur dike, including its cross-section
and profile, influence flow patterns and scour mechanisms.

Toe Protection: The presence of protective measures (e.g., riprap, concrete aprons) at
the base of the spur dike can mitigate scouring effects by dissipating energy and reducing
erosion.

3.3.9 Environmental Properties

Environmental properties such as water temperature, turbulence, and vegetation are crucial
for spur dikes as they influence flow patterns, sediment transport, and ecological interactions,
ultimately impacting scour processes and structural performance.

Turbulence: The presence of turbulence in the flow, caused by natural or artificial
factors, can enhance scouring around spur dikes. Turbulent flow conditions increase erosive
forces.

Vegetation: Vegetation along the riverbank and within the flow field can influence flow
patterns and sediment dynamics, affecting scour development. Vegetation can act as a buffer
against erosion or enhance it depending on its characteristics.
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Chapter 4
Collection of Data, Methods and Equations from Literatures

4.1 Experimental Procedures followed by Researchers

Research groups typically employ experimental procedures involving flume or field studies
to investigate scour phenomena around spur dikes, incorporating varying flow conditions,
sediment types, and structural configurations to gather data for analysis and model validation.

Ballio and Orsi (2001) filled partially a layer of sediments with a density of ps = 15.7
kN/m? in a tilting hydraulic flume measuring 15 m in length and 1.0 m in width. Dsp = 5.0
mm was the mean size diameter, and ¢ = 1.3 mm was the standard deviation. A plexiglass
prism with dimensions of » = 0.10 m and / = 0.40 m made up the bridge's abutment, which
was positioned midway along the flume. In the test, a smaller obstacle (b = 0.05 m, / = 0.20
m) was also utilized. The flow's depth varied between 0.092 and 0.183 m, and its velocity
varied between 0.60 and 0.73 m/sec.

Oliveto and Hager (2002) conducted tests using two rectangular channels, one
measuring 1.00 m in width and the other 0.50 m. The working section of the 11-meter-long 1
m channel had a length of approximately 5 m, with a glass wall on the left and a smooth steel
wall on the right. For this reason, a plane bed was used for the majority of the tests. Three
uniform sediments with grain sizes of 0.55, 3.3, and 4.8 mm and three mixtures with Dso =
5.3, 1.2, and 3.1 mm and ¢ = 1.43, 1.80, and 2.15, respectively, were among the six different
sediments that were used. While the remaining sediment had ps; = 2650 kg/m?, the uniform
sediment with Dso = 3.3 mm had p, = 1420 kg/m?. The abutments that were utilized had widths
of b =0.05, 0.10, 0.20, 0.40 and 0.60 m and were always rectangular in plan. The water's
surface was measured with a conventional point gauge to an accuracy of +£0.5-1 mm,
depending on the local surface turbulence. With an accuracy of roughly 1%, the closed-loop
water system in the channel had a maximum discharge of J=0.130 m3/sec. An experiment's
temporal beginning (=0) was established at the onset of scour. In certain runs, additional
measurements were obtained at times =60, 180, 360, 600, 900, and 1200 sec, as well as over
several days and even weeks.

Oliveto and Hager (2005) conducted tests using two rectangular channels, one
measuring 1.00 m in width and the other 0.50 m. The working section of the 11-meter-long 1
m channel had a length of approximately 5 m, with a glass wall on the left and a smooth steel
wall on the right. For this reason, a plane bed was used for the majority of the tests. Six distinct
sediments were utilized: two mixtures for sediment mixture 3, with Dso = 3.1 mm and ¢ =
2.15, and three uniform sediments with grain sizes of 0.55, 3.3, and 4.8 mm. The uniform
sediment with Dso = 3.3 mm had a density of ps = 1420 kg/m>, while the remaining sediment
had ps = 2650 kg/m>. This was also the case for sediment mixture 4 with Dso = 4.3 mm and o
= 2.35. The abutments that were utilized had widths of » = 0.05 and 0.20 m and were always
rectangular in plan. The water's surface was measured with a conventional point gauge to an
accuracy of +£0.5—-1 mm, depending on the local surface turbulence. With an accuracy of
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roughly 1%, the closed-loop water system in the channel had a maximum discharge of
0=0.130 m®/sec. An experiment's temporal beginning (=0) was established at the onset of
scour. In certain runs, additional measurements were obtained at times =60, 180, 360, 600,
900, and 1200 sec, as well as over several days and even weeks.

Yanmaz and Kose (2007) used a 30 m long, 1.25 m wide, and 1.0 m deep flume for
performing experiments. The geometric standard deviation of the bed materials was roughly
1.40, and their median sizes were 1.8 and 0.9 mm. The bed slope of the flume bed was 0.001,
and the bed materials were layered 40 cm thick. Plexiglas abutment models with lengths of
12.5 cm and 10 cm and a constant width of 20 cm were tested to examine the impact of
abutment size. Examines scour contours; experimental runs 6—10 and 15—19 were carried out
for the abutments under test using a densimetric particle Froude number of 2.38. Scour
contours were only acquired for this fixed Fq value. Due to the fundamental similarity of all
local scouring situations, other values of Fq were not tested. To use point gauges to determine
the contours of the scour hole around abutment models, experiments were stopped at 5, 20,
60, 100, and 150 minutes. Water was cautiously drained from the channel at the conclusion
of each experiment to avoid changing the bed topography. Measurements were then taken in
a grid system surrounding the abutment, which consisted of joints spaced 2 cm apart both
along and across the channel. The bed was levelled after every run so that the experiment
could continue for the next duration.

Karami et al. (2012a) used four flumes for each experiment. Each of the first three
flumes measured 0.6, 1.3, and 1.5 m in width, 1 m in depth, and 30 m in length. The remaining
flume was 14 m long, 1 m wide, and 1 m deep. The bed sediments used were uniform (o<1.4),
and composed of gravel and sand with a thickness of 0.35 m. Various V/V. values were used
in the experiments. In every trial, the clear water condition (V/V.<I) was met.

The experiments were conducted by Karami et al. (2012b) in a 14 m long, 1 m wide,
and 1 m deep rectangular-section flume. The glass flume's bed and sides were held up by a
metal frame. In the flume, three 25 cm long spur dikes that were impermeable, exposed, and
perpendicular to the direction of flow were placed. The initial spur dike was positioned 6.16
m away from the flume entrance, with a fixed distance between them equal to twice the spur
dike's length. The approach flow depth (d) was always configured at 15 cm. Bed sediments
(0 < 1.4) with a median size (Dso) of 0.91 mm and a thickness of 0.35 m were evenly
distributed throughout the flume. 2.65 (specific gravity) and 1.38 (geometric standard
deviation, ¢). In each experiment, the clear water condition (V/V. < 1) was met. A laser bed-
profiler (LBP) was used to measure the variations in bed profile surrounding spur dikes,
providing an accuracy of + 0.1 mm in depth and =1 mm in width.

Lodhi et al. (2017) utilized a fixed bed masonry flume with dimensions of 25 m in
length, 1 m in width, and a depth of 0.30 m for conducting the experiments. The geometric
standard deviations (o) for clay, sand, and gravel were 2.16, 1.41, and 1.21 respectively, while
their median sizes (Dso) were 0.0014 mm, 0.24 mm, and 2.7 mm, respectively. The sand and
gravel had a relative density of 2.65. Before every experimental run, the prepared bed of
sediment mixture was saturated for a full day. Thirty cohesive sediment mixture (clay-gravel
and clay-sand-gravel) experiments with a partially submerged spur dike were carried out.

The two flume bed slopes that were used for the experiments were 0.003 and 0.005. A
4 m long, 1 m wide, and 0.6 m deep test section made up the flume. It began at the entrance
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of the flume, 12 m downstream. Three distinct sizes of partially submerged spur dikes with
transverse lengths of 6.1, 8.9, and 11.52 cm were employed. The spur dike stood 60 cm high.
A metal sheet, 3 mm thick, was used to make the spur dikes. A single spur dike was erected
in each experiment at a 90°-angle to the flow direction, 14 meters downstream from the flume
entrance. Before the experiment began, the area surrounding the spur dike was covered with
a 3mm transparent Perspex sheet to stop scouring. A pointer gauge with a flat bottom and an
accuracy of =1 mm was used to measure the temporal variation of scour at the wake region
of the partially submerged spur dike.

Lodhi et al. (2018) aimed to investigate the impact of cohesive characteristics, including
clay percentage, unconfined compressive strength, antecedent moisture content, and void
ratio, on the scour depth in the wake region of spur dikes within cohesive sediment mixtures.
The experiment material was clay that had been excavated 1.0 m below the surface of the
earth. The median size of the clay particle was determined using the laser particle size
analyzer. The geometric standard deviation ¢ for the same was 2.16, 1.41, and 1.21 for clay,
sand, and gravel, respectively, and the median size was 0.0014 mm, 0.24 mm, and 2.7 mm.
The sand and gravel had a relative density of 2.65. A 25.0 m long, 1.0 m wide, and 0.35 m
deep fixed bed masonry flume served as the site for all laboratory tests.

The two flume bed slopes that were used for the experiments were 0.003 and 0.005. 12
meters downstream from the flume entrance was the test section of the 4 m long, 1 m wide,
and 0.60 m deep flume. In each experiment, a single spur dike was positioned at a 90° angle
to the flow direction in the groove on the side wall of the flume. An overhead tank helped to
maintain the steady flow rate into the flume. A sharp-crowned weir placed at the downstream
end of the flume was used to measure the discharge. The test section was filled with the
cohesive sediment mixture up to the general flume bed level. Three distinct spur dikes with
transverse lengths of 6.10 cm, 8.90 cm, and 11.52 cm as well as a height of 60 cm were
employed in this study's experiments. A metal sheet, 3 mm thick, was used to make the spur
dikes. A single partially submerged spur dike was erected in each experiment at a distance of
14 meters downstream from the flume entrance and at a 90° angle to the flow direction. To
prevent scour around the spur dike before the flow in the flume reaches the predetermined
condition, a transparent Perspex sheet, 3 mm thick, was used to cover the area. A pointer
gauge with a flat bottom was used to measure the temporal variation of scour depth with an
accuracy of =1 mm.

Khassaf and Abbas (2018) utilized a 7.225 m long flume, featuring an inner section
measuring 0.4 x 0.4 meters and is constructed with a metal frame with sides made of tempered
(8 mm) glass. The flume consists of three sections. The first section is the 0.4 x 0.6 m cross
section inlet tank, which is 1 m long. The working section, which is the second section, is
5.025 m long. The final section of the flume is a metal reservoir that is 1.2 x 1 x 0.625 m in
length, width, and height, respectively, and is situated at the end of the flume. There were
fifty-six distinct experiments carried out. The head and discharge are 10.5-20.5 m and
0.000833-0.00467 m>/sec (0.833-4.67 I/sec), respectively. The L-shaped greenhouse, which
measured 13 cm in length and 15 c¢cm in net height, was constructed from 10 mm thick
polystyrene foam material for all of the experiments. Dso has a mean diameter of 0.7 mm. The
sand size ¢ had a geometric standard deviation of 1.31.
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Ning et al. (2019) evaluated the effectiveness of the numerical model; three
experimental cases were chosen. Four spur dikes with uniform spacing and equal length made
up the spur dike group. In all three cases, the spacings of the spur dike were 2 1, 3 I, and 4 1.
The entrance tank, fixed bed, movable bed, and sand recycling zone were all part of the 10 m
long, 40 cm wide, and 50 cm deep flume channel. The 200 cm long fixed bed was made of
coarse sand and gravel. The 400 cm long movable bed had 20 cm of sand covering it. A set
of impermeable spur dikes was installed here, oriented perpendicular to the right side of the
flume. To ensure they remained above water for the duration of the experiments, the spur
dikes were designed to be 10 cm long, 1 cm thick, and 50 cm high. With each spur dike spaced
equally apart, the first of the four was positioned 100 cm into the observation area. The chosen
grain size for the sediment was Dso = 0.473 mm. 0.00962 m?*/sec (9.62 1/s) of flow discharge,
1/1000 channel slope, 40 cm of channel width, 9 cm of flow depth, 0.267 m/sec of flow
velocity, and 1.9 gm/cm? of sediment density, Re = 16,585, the Reynolds number, and Fr =
0.28, the Froude number, were constant.

Pandey et al. (2020) carried out each experiment within a flume measuring 24 m in
length, 1 m in width, and with a depth of 0.5 m. The working test section is located 12 m from
the flume's inlet and measures 4 m x 1 m % 0.4 m. Every experiment was conducted in an
environment with clear water scour. 50% sand (Dsos =0.27 mm, o =1.22) and 50% gravel
(Dsog=2.7 mm, ¢ =1.21) make up the first sediment mixture. 50% sand (Dsos =0.27 mm, ¢
=1.22) and 50% gravel (Dsog=3.1 mm, ¢ =1.18) make up the second sediment mixture. There
were four vertical rectangular wall spur dikes used, with transverse length scales varying from
6,9,11.5, and 14 cm. Every experiment was conducted for the case of an unsubmerged spur
dike. Until an equilibrium scour geometry was reached, the scour depth (ds;) was measured
using a point gauge at various time intervals (+=1,3, 5,10,15,30, and 60 min up to several
hours). Every experiment lasted for twenty hours. The spur dike was fixed vertically at the
right side of the channel wall prior to the commencement of each experimental run.

Masood et al. (2021) conducted laboratory experiments on scour using a smooth
rectangular flume channel measuring 20 m in length, 1 m in width, and with a depth of 0.75
m, equipped with a recirculating water facility. One-fifth of the channel width was calculated
using the spur dike's length. Over the course of the entire experimental project, there were
five spur dikes. Wooden spur dikes, both submerged and impermeable, were built at
predetermined bend models, encompassing both gentle and steep bends. There were three
equal sections cut out of the rectangular channel. The experimental work was conducted in
the middle section. The middle section measured 6 m in length and had a fine sand bed of
uniformly graded sediments with an average diameter (Dso) of 0.71 mm, which was 0.3 m
thick. A standard deviation of o 1.20 was observed, with a Dso of 0.71mm being employed in
all the experiments. Every experiment was run for a duration of three hours.

Farshad et al. (2022) utilized a flume measuring 10 m in length, 0.76 m in width, and
0.60 m in depth. There were glass walls, inlet and outlet tanks in the flume. Tests were
conducted 4.0 m from the inlet in a section of sediment recess. Sand with a median grain size
of Dso = 0.8 mm and a relative density of 2.65 comprised the mobile bed. The sediment
mixture's gradation, as indicated by the standard deviation o = 0.5, was 1.22. Three
permeability levels for a single unsubmerged spur dike were taken into consideration: 0%
(i.e., an impermeable spur dike), 33%, and 66%. Additionally, three spur dike orientation
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angles were taken into consideration: 60° for repelling alignment, 90° for deflecting
alignment, and 120° for attractive alignment. To replicate an impermeable spur dike, a 0.5 m
high by 10 mm thick Plexiglas plate was used. Brass rods, 0.5 m in height and 4 mm in
diameter were fastened to the top and bottom Plexiglas plates. For the repelling, deflecting,
and attractive alignments, the spur dike's effective length was always 20% of the flume width.
Two categories—steady and unsteady flows were used for the experiments conducted for this
study. Experiments with steady and unsteady flow were designed to guarantee clear-water
scour regimes even after the hydrograph peak flow was attained.

In the study by Alasadi et al. (2023), the flume featured an inner cross-section of 0.4 x
0.4 m and a total length of 6.6 m. It was constructed with glass fiber for the sides and steel
stiffeners for the mainframe. The two main components of the two flumes are the 5.6 m
working section and the 1 m high upstream inlet tank. Erodible sediments measuring 0.1 m
in depth and 2 m in length covered the middle portion of the working section. Wooden plates
covered the other two sections of the operating section. To measure the entering discharge to
the working section, a man-made rectangular weir with sharp crested edges, measuring 0.4 m
in width and 0.25 m in height was positioned at the upstream flume section. A movable point
gauge with £1 mm accuracy is used to measure the scour depth both transversely and
longitudinally above the operating section. Utilized a checkmark or V-shaped spur-dikes that
are 13 cm long, 12 cm net high, and 10 mm thick. These are placed perpendicular to the
direction of flow, and their length should be at least one-third of the flume's width.
Polystyrene foam, which does not swell, was used to construct the models. They have
experimented with three different configurations (double, triple, and single). The geometric
standard deviation (o) of sand was 1.31, with a median particle grain size Dso equal to 0.7
mm. A total of fifty-six experiment sets were conducted.

The flume, as described by Patel and Kumar (2023), spanned a length of 17.2 m and a
width of 1 m. The seepage chamber beneath the sediment bed was 0.22 m deep, and the flume
reached a depth of 0.72 m. The sand size Dso = 1.1 mm is used to prepare the bed. The channel
features a glass wall on one side and a one-sided bank with a 45°slope. Three spur dikes in a
row formed a spur dike zone according to the arrangement of the spur dikes. The spur dikes
were T-shaped, partially submerged, and perpendicular to the bank. The projected length of
each spur dike was 12.6 cm. The spur dikes rose to a total height of 28 cm, with 13 cm below
the sediment bed and 15 cm above it. The wood-built spur dikes were situated 8.5 m upstream
from the channel's terminus. Every experiment ran for twenty-four hours, or until the
equilibrium condition was met. According to this study, the scour depth increased
dramatically for the first 0—6 hours, then moderately for the next 6—18 hours, and then slightly
for the next 18-24 hours. The scour depth changed by less than 1 mm over the course of 22—
24 hours.

4.2 Literature Equations to Predict Temporal Scour

Existing literature offers equations to forecast temporal scour depth around spur dikes,
incorporating parameters like flow velocity, sediment properties, and dike geometry for
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informed erosion risk assessment and structural design. The following Table 4.1 presents
literature sources along with empirical formulas.

Table 4.1. Empirical formulas derived by different research groups in the last two decades.

Literature Equation
d _
Oliveto and Hager (2002) LS' =0.068No "*F,"* log(T')
R
d Y ()
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Karami et al. (2012a)
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4.3 New Functional Relationship developed based on Literatures

Researchers developing formulas for predicting temporal scour depth around spur dikes use
functional relationships based on variables like flow velocity, sediment characteristics and
time. The following Table 4.2 illustrates the functional relationships utilised by various
researchers in formulating their equations.

Table 4.2. Functional relationships considered by researchers to develop their formulas.

Serial Literature
Number

Function

1 Oliveto and Hager (2002) ds/Lr=f {0, Fq, log(T)}

2 Coleman et al. (2003) dsi/dse=f{(V/Ve), In(t/te) }

3 Kothyari et al. (2007) ds/Lr=f {0, Fq, Fas, log(T)}
4 Yanmaz and Kose (2007)  ds/I=f {Fq, (I/d), log (Ts)}
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5 Nasrollahi et al. (2008) dsildse = f (t/te)

6 Karami et al. (2012a) ds/dse=f{(V/Ve), (1/T)}

7 Karami et al. (2012b) ds/dse=f{(V/V), (t/T)}

8 Pandey et al. (2020) ds/Lr=f {Fsm, (I/D0), log(T)}

9 Present Study ds/Lr=f {(V?/Lrg), (V/V.), (Vt/Lr), ®, (d/Lg), 6}

4.4 Temporal Scour Depth Formulas developed by Researchers

The d, has been measured in many numerical and laboratory researches. Most of these studies

were based on the results of controlled laboratory experiments. Several researchers have

provided formulas in computing dy; around spur dikes (Oliveto and Hager (2002) as OH;
Coleman et al. (2003) as CO; Yanmaz and Kose (2007) as YK; Kothyari et al. (2007) as KO;
Nasrollahi et al. (2008) as NA; Karimi et al. (20124, b) as KM and KB; and Pandey et al.
(2020) as PY. For different flow parameters and bed materials, it was necessary to compute

ds; around spur dikes. Various researchers have also used the above-mentioned formulas to

compute the dy based on their laboratory test results. The most promising formulas for

computing ds, were compared by taking one or more formulas from the literatures and
analyzed by different researchers with their developed formulas. Such short bibliography
studies for the period from 2002 to 2023 are shown in Table 4.3.

Table 4.3. Evaluation of ds; computing formulas used by different researchers.

Researchers who

Formulas evaluated in the present study

analyzed the time  Qljvet

Colema Kothyar Yanma Nasrolla Karami Karami Pandey

-dependent oand netal. ietal zand  hietal etal. et al. et al.
formulas Hager (2003) (2007)  Kose  (2008)  (2012a) (2012b)  (2020)
(2002) (2007)

K i .

othyari et al Yes B B B 3 3 B 3
(2007)
Yanmaz and Kose
(2007) Yes Yes — - - - - -
Nasrollahi et al. Yes a 3 3 3 3 B B
(2008)
Karami et al.
(2012a) Yes Yes — Yes - - - -
Lodhi et al.

Y - Y - N = - -

(2017) © e
éc;)dl};l)et al. Yes — Yes — Yes - - —
f;(;l;g)y L Yes — Yes — Yes - - -
Farshad et al.
(2022) Yes B B B B B B Yes
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Patel and Kumar B B B B B Yes
(2023)
Present Study Yes Yes Yes Yes Yes Yes Yes Yes

Note: “~’" indicates “not considered.’

4.5 Datasets selected for Present Study

In the current study, the performance of each predictor in terms of dy around spur dikes is
analyzed using data from laboratory experiments from various sources, including a predictor
for the time evolution of scour. For this analysis, data from 16 different research groups over
two decades namely Nasrollahi et al. (2008) as NS, Karimi et al. (2012a, b) as KM and KB
respectively, Pandey et al. (2014a,b) as PA and PB respectively, Pandey et al. (2015) as PD,
Lodhi et al. (2017,18) as LO and LD respectively, Khassaf and Abbas (2018) as KA, Pandey
et al. (2019) as PN, Pandey et al. (2020) as PY, Masood et al. (2021) as MA, Farshad et al.
(2022) as FS, Patel and Kumar (2023) as PK, Alasadi et al. (2023) as AS and Pandey et al.
(2019) as PI have been collected for the development of new formula as well as comparison
of 8 literature formulas.

Data screening has been conducted to compare 9 equations for the CWS condition.
Table 4.4 and Table 4.5 list the experimental ranges that are selected for the construction of
the equation and comparison are covered by the range of their dimensional parameters and
dimensionless parameters respectively.
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Table 4.4. Sources of information for the full selected d; data series and pertinent experimental ranges.

Literature = # / Lr Vv Ve d g o ()] t dsi
(m) (m) (m/s) (m/s) (m) (m/s?) (hr) (m)
AS 56  0.13-0.13 0.07-0.09 0.15-0.22 0.23-0.28 0.02-0.05 9.81-9.81 1.31-1.31 0-0 4.00-4.00 0.003-0.045
PK 48  0.13-0.13 0.11-0.12 0.25-0.33 0.36-0.38 0.07-0.10  9.81-9.81 1.23-1.23 0-100 0.0420-23.96  0.02-0.08
FS 45  0.15-0.15 0.16-0.16 0.35-0.35 0.36-0.36 0.20-0.20  9.81-9.81 1.22-1.22 0-66 0.13-1.00 0.10-0.17
MA 70 0.20-0.20 0.21-0.21 0.33-0.33 0.49-0.49 0.23-0.23  9.81-9.81 1.20-1.20 0-0  0.003-3.014 0.0002-0.107
PY 99  0.12-0.12 0.11-0.11 0.28-0.41 0.45-0.45 0.09-0.11  9.81-9.81 1.23-1.23  0-0 0.04-16.58 0.01-0.13
PN 30 0.12-0.12 0.11-0.11 0.41-0.41 0.46-0.46 0.11-0.11  9.81-9.81 1.21-1.21 0-0 0.03-19.97 0.01-0.13
KA 68  0.13-0.13 0.07-0.07 0.15-0.22 0.24-0.24 0.02-0.02  9.81-9.81 1.31-1.31 0-0 0.24-6.02 0.003-0.043
LD 5 0.06-0.12 0.08-0.12 0.50-0.59 0.60-0.61 0.12-0.13  9.81-9.81 1.21-1.21  0-0 14.00-16.00 0.09-0.15
LO 36  0.12-0.12 0.11-0.12 0.41-0.55 0.60-0.61 0.11-0.13  9.81-9.81 1.21-1.21  0-0 0.40-36.07  0.003-0.197
PD 15 0.06-0.20 0.07-0.16 0.16-0.21 0.25-0.25 0.10-0.10  9.81-9.81 1.23-1.23  0-0 10.00-10.00 0.05-0.14
PA 67  0.10-0.10 0.10-0.10 0.16-0.21 0.25-0.25 0.10-0.10  9.81-9.81 1.23-1.23  0-0 0.03-7.04 0.02-0.11
PB 36 0.20-0.20 0.16-0.16 0.16-0.21 0.25-0.25 0.10-0.10  9.81-9.81 1.23-1.23 0-0 0.07-7.04 0.03-0.14
KM 62  0.25-0.25 0.21-0.21 0.23-0.35 0.36-0.37 0.15-0.15 9.81-9.81 1.38-1.38  0-0 0.02-50.28 0.02-0.33
KB 102 0.25-0.25 0.21-0.21 0.24-0.35 0.37-0.37 0.15-0.15 9.81-9.81 1.38-1.38  0-0 0.09-50.15 0.02-0.33
NS 49 0.25-0.5 0.20-0.32 0.42-0.427  0.43-043 0.13-0.13  9.81-9.81 1.30-1.30 0-70  0.31-30.73 0.02-0.32
PI 144 0.10-0.20 0.10-0.16 0.16-0.21 0.25-0.25 0.10-0.10  9.81-9.81 1.23-1.23  0-0 0.06-7.02 0.02-0.14
Total 932 0.06-0.50 0.06-0.32 0.15-0.59 0.23-0.61 0.02-0.23  9.81-9.81 1.21-1.38 0-70  0.003-50.28  0.0002-0.33

Note: # indicates the number of datasets considered in selected literature.
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Table 4.5. Sources of information for the full selected ds/Lr data series and pertinent experimental ranges.

Literature # ds/Lr V2/Lrg V/Ve Vt/Lr D d/Lr o
AS 56 0.042-0.537 0.033-0.071 0.622-0.911 28189.464-45152.327 0-0 0.247-0.500 1.31-1.31
PK 48 0.132-0.684 0.058-0.101  0.682-0.898 450.584-255481.256 0-10 0.701-0.852  1.23-1.23
FS 45 0.055-1.029 0.074-0.074  0.950-0.950 944.561-7556.485 0-66 1.230-1.230 1.22-1.22
MA 70 0.001-0.508 0.054-0.054 0.684-0.684 19.878-17219.304 0-0 1.101-1.101  1.20-1.20
PY 99 0.125-1.122 0.080-0.150  0.610-0.90 330.090-214695.990 0-0 0.850-0.980 1.23-1.23
PN 30 0.110-1.120 0.150-0.150  0.900-0.900 378.610-258588.810 0-0 0.980-0.980 1.21-1.21
KA 68 0.04-0.607 0.033-0.071  0.622-0.911 1844.548-67626.795 0-0 0.297-0.297 1.31-1.31
LD 5 1.043-1.247 0.218-0.360 0.827-0.976  244583.892-346400.999 0-0 1.028-1.622 1.21-1.21
LO 36 0.027-1.661 0.150-0.260  0.687-0.904 5151.664-603221.129 0-0 0.981-1.056 1.21-1.21
PD 15 0.490-1.140 0.020-0.060  0.630-0.830  36058.940-106272.520 0-0 0.630-1.410 1.23-1.23
PA 67 0.223-1.051 0.026-0.045 0.630-0.840 143.099-52861.331 0-0 1.000-1.000 1.23-1.23
PB 36 0.210-0.870 0.020-0.030  0.630-0.840 266.510-33307.680 0-0 0.630-0.630 1.23-1.23
KM 62 0.090-1.590 0.030-0.060  0.630-0.960 90.670-300460.860 0-0 0.710-0.710  1.38-1.38
KB 102 0.080-1.550 0.030-0.060  0.650-0.950 463.790-298569.590 0-0 0.710-0.710  1.38-1.38
NS 49 0.072-0.999 0.056-0.093  0.980-1.000 1505.967-148794.309 0-70 0.401-0.640 1.30-1.30
PI 144 0.200-1.380 0.020-0.040  0.630-0.840 212.610-53010.810 0-0 0.630-1.000 1.23-1.23

Total 932 0.001 -1.661 0.016-0.36  0.610-1.000 19.878-603221.129 0-70 0.247-1.622 1.21-1.38

Note: # indicates the number of datasets considered in selected literature.
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Chapter 5
Objectives and Methodology

5.1 Research Objectives

The erosion of riverbanks due to high flow in rivers is a common occurrence, posing a
significant challenge for civil engineers, particularly in densely populated cities worldwide,
including India. Protecting riverbanks is imperative, and spur dikes serve as a simple yet
effective solution to mitigate erosion. These structures not only help maintain suitable depths
for navigation but also control river meandering.

When spur dikes are installed in flowing streams, scouring occurs around their
foundations. Failure to consider scouring during the dike's design can result in structural
failure while overestimating scouring leads to uneconomical designs. Therefore, this thesis
aims to predict the temporal scour depth formula around the spur dike. By identifying the
various parameters influencing scour depth, spur dikes can be designed properly to prevent
failure. The objectives involve a comprehensive review of recent literature to identify and
compile temporal scour depth formulas for spur dikes. These formulas will be evaluated
against literatures data to assess accuracy and applicability across varying conditions. The
research aims to uncover trends in scour depth dynamics over time and refine selected
formulas through validation, weightage and ranking analyses among various literature
formulas. Ultimately, the goal is to provide actionable recommendations for researchers to
select and apply the most effective temporal scour depth formula, enhancing the safety of
hydraulic infrastructure amidst evolving challenges. Furthermore, a comparison will be made
between our results and those obtained by previous researchers, providing additional insights
into the effectiveness of the proposed methodology.

5.2 Research Methodology

This methodology offers a comprehensive framework for predicting temporal scour depth
formulas for spur dikes, covering various essential stages in hydraulic engineering research.
It begins with meticulous data collection from reputable sources, followed by rigorous
analysis to extract relevant information. Subsequently, predictive models are developed and
validated to ensure accuracy and reliability. Evaluation techniques are then employed to
assess the effectiveness of the models. By encompassing data collection, analysis, model
development, validation, and evaluation, this approach ensures a comprehensive and
systematic methodology (Fig. 5.1) for advancing scour depth prediction in hydraulic
engineering.

Literature Collection: The initial step involved a thorough search across reputable
databases such as Scopus, Google, and Google Scholar to compile a diverse range of papers
relevant to spur dikes. From these sources, researchers extracted both formulated equations
and raw data, for subsequent analysis.
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Preliminary Screening: Raw data underwent a rigorous screening process to select clear
water scour data, ensuring the quality and relevance of the dataset. Additionally, eight
researchers' formulas were identified for further investigation.

Parameter Identification: Key parameters such as spur dike dimensions (length, height,
thickness), time-related scour depth, time, fluid properties (density, kinematic viscosity),
hydraulic factors (acceleration due to gravity, depth of flow, flow velocity, critical flow
velocity), geometric factors (spur dike orientation angle, degree of permeability, median
diameter of sediment, sediment density), and flow characteristics (Reynolds number, Froude
number, Geometric Standard Deviation) were identified. This step ensured a comprehensive
understanding of the variables affecting scour depth.

Dimensionless Framework: Dimensionless analysis was conducted to reduce the
number of parameters involved in the study of spur dike scour depth. This process involved
transforming the dimensional parameters into dimensionless forms using relevant scaling
parameters. By doing so, the analysis aimed to simplify the model and improve its
generalizability across different conditions. This technique allowed researchers to focus on
the essential characteristics influencing scour depth while minimizing the complexity of the
model.

Dimensionality Reduction: Thirteen dimensionality reduction methods (Gamma
Statistics test, Pearson Correlation coefficient, Spearman’s rho correlation coefficient,
Kendall’s tau b correlation coefficient, PCA, Discriminant Analysis, Line of least squares
regression, Enter, Forward, Backward, Removed, Stepwise regression and Subset regression)
were applied to streamline the parameters further, with the optimal reduction technique
determined using weighted mean percentage, Subset regression, and PCA methods. This step
aimed to refine the model and improve its efficiency.

Data Visualization: Graphical representations were utilized to validate the collected
data against empirical formulas, ensuring the correctness and consistency of the dataset and
providing visual insights into the relationship between variables.

Model Development: Eighty percent of the training data was randomly selected from
the preliminary screening data. Nonlinear regression analysis, utilizing the Levenberg-
Marquardt and Gauss-Newton methods, was employed to predict the formula. The developed
formula was then validated using the remaining 20% of testing data. This process aimed to
predict the formula with high accuracy and reliability.

Comparison and Evaluation: The predicted formula was compared with eight literature
empirical formulas using data from the preliminary screening. Weightage percentages of
parameters for statistical metrics (R%, RMSE, NSE, MBE) (section 5.3) were calculated using
CRITIC, Entropy, and AHP methods to assess model performance comprehensively.

Ranking and Comparison: Finally, researchers' formulas and the developed formula
(present study formula) were ranked using PROMETHEE and TOPSIS methods, providing
insights into their effectiveness and suitability relative to each other. This step facilitated the
selection of the most promising temporal scour depth formula for spur dikes, contributing to
advancements in hydraulic engineering research.
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5.3 Statistical Influencing Parameters

Statistical analysis is used to evaluate the provided accuracy of the literature formulas and
newly predicted formulas. Various cost and beneficial criteria are used to assess how well the
estimated and observed dy; values agree. Now, the following formulas, are given in Egs. 5.1—
5.4, have been used to define the various performance indices such as R?, RMSE, NSE and
MBE. Here, (ds/Lr)o is the observed values and (ds/Lr). is the computed and, n represents the
total number of input samples.

Coefficient of Determination (R?)

R-squared is a statistical measure of how well the regression line approximates the real data
points. It ranges from 0 to 1 (Legates et al., 1999), where 0 indicates the model fails to explain
any of the variability of the response data around its mean, 1 indicates the model perfectly
explains all the variability of the response data around its mean and 0<R?<1 indicates the
model explains some proportion of the variability in the response data around its mean. The
closer R? is to 1, the better the model fits the data. The formula is (Eq. 5.1):

sl B |
(45| Sl )

Root Mean Square Error (RMSE)

(5.1)

RMSE is a measure of the differences between values predicted by a model or an estimator
and the observed values. It is calculated by taking the square root of the average of the squared
differences between the predicted and observed values. RMSE values typically range from 0
to infinity (Willmott, 1981), with lower values indicating better model performance. The

formula is (Eq. 5.2)
ANEAR
c LR ci LR ol

RMSE =}’
i-1 n

(5.2)

Nash—Sutcliffe Model Efficiency Coefficient (NSE)

NSE compares the modeled data to the observed data, considering both the mean and variance
of the data. The values typically range from negative infinity to 1 (Nash and Sutcliffe, 1970),
with higher values indicating better model performance and negative values suggesting the
model performs worse than a simple mean prediction. The formula is (Eq. 5.3)
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(5.3)

Mean Bias Error (MBE)

The MBE quantifies the average difference between predicted and observed values, providing
insight into the model’s tendency to overestimate or underestimate. MBE values range from
negative to positive infinity (Legates et al., 1999), with 0 indicating perfect agreement
between predictions and observations. Positive values indicate a tendency to overestimate,

while negative values suggest underestimation. The formula is (Eq. 5.4)

d,| _[dy
L) \L

)

MBE =Y (54)
i-1 n
| Literature Review ||:> Reputable databases (Scopus,
Google Scholar, Google), relevant
‘ Raw data collection | papers.
Clear- water Scour data kg
| Preliminary Screening ‘@‘ Identify eight researchers’ formulas
Gamma Statistics, Correlation — -
Coefficient (Pearson, Initial Parameter selection (= f(ds;, p, U, g, d, V, Dso, ps, Ve, H, h,
Spearman’s rho, Kendall’s tau- : . . 6, ¢, Re, Fo, 0, W, 1)
b), PCA, DA, Regression (Line ‘ Dimensional Analysis |,:>
of Least Squares, Enter, - f1(ds/Lr, VZ/LRG, d/Lr, Dso/Lr, ps/p,
Forward, Backward, Removed, @| Feature Selection | V/Ve, H/Lr, LR, 8,0, 6, W/Ls, Vt/Lg)
Stepwise, Subset)
| Optimal Technique |E> Weighted Mean Percentage
- Method
Subset Regression ‘ 2101
| Data Splitting ‘Q = : =
Using randomly 80% data from = Splitting ?atet:.setzlr’:to trtalnlng and
all literature datasets A= Training gelngicalasor
Validation
oy Validate data against 8 empirical
‘ Nonlinear regression analysis |<j:‘ Prediction of Formula | formulas
| Literature empirical formulas |<):1 Comparison using statistical
influence parameters

‘ PROMETHEE, TOPSIS

CRITIC, Entropy, AHP Method

Fig. 5.1. The flowchart showing the methodology adopted for the present study.
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Chapter 6
Dimensional Analysis

6.1 Dimensional Framework

Dimensionless analysis on spur dikes involves scaling down physical parameters like length,
velocity, and discharge to non-dimensional numbers such as Froude or Reynolds numbers,
facilitating model testing and generalization of results across different scales and conditions.
The following details are provided below.

6.1.1 Analyses of Scouring Parameters

The magnitude which interests the designer in determining the Spur dike Scouring depth is
the temporal depth to be reached by the scouring process. For this reason, the quantitative
study will be limited to the temporal depth d reached by the scour hole around the spur dike
after sufficient temporal time (¢) has elapsed to reach the temporal. dy is measured below
ambient bed level.

Limiting the study to the case of the unsubmerged spur dike in a river whose flow is
assumed to be steady and uniform, there are many parameters which may influence the
scouring phenomenon:

Variables characterizing the fluid:

- g acceleration due to gravity,
- p density of fluid,
and - v kinematic viscosity of the fluid.

Variables characterizing the bed material:

- ps density of the sediment,
- 0 Geometric standard deviation/sediment gradation,
- Dso Median grain size.

Variables characterizing the flow:

- d depth of approach flow,

- V' mean velocity of flow,

-Ve flow velocity,

- Re Reynolds number, and

- Fq Densimetric Froude number.

Variable characterizing the Flume property:

41



- W Width of the flume.
Variables characterizing the Spur dike:

-1 its length,

-H its height.

-h its thickness

-0 its angle and
-¢ its permeability.

6.1.2 Ratio-Based Analysis

Temporal scour depth dy grows over time 7 (Eq. 6.1) can be a function of

f(dt,p,v,g,d,V,D5O,ps,Vc,l,H,h,H,go,Re,}Q,a,W,t):0 (6.1)

N

where, d_, is scour depth at any instant of time ¢ and the dimension of d_, is [L] or
(M°LT’]

p is fluid density for flow which has a dimension of I:ML%:I or [M T OJ

v is kinematic viscosity for flow which has a dimension of [LZT 71] or [M ‘T 71}

g is the gravitational acceleration which has a dimension of [LT 72} or [M ‘LT 72}

d is approach flow depth; the dimension of d is [ L] or [M °r'r 0]

v is approach flow velocity and the dimension is [LT 71} or [M LT 71]

Dy, is the median diameter of sediment which also has an also dimension of length [L] or
(M°LT’ ]

p,1s sediment density having a dimension similar to the dimension of pis [ML%} or
(M'LT°]

V_is critical flow velocity having a dimension the same as approach flow velocity [LT 71] or
(ML ]

I is the spur dike length which has a dimension of [L] or [M LT 0}

H is the spur dike height which has a dimension of [L] or [M ‘LT 0]

£ 1s the spur dike thickness which has a dimension of [L] or [M 'I'T 0]

o is the spur dike orientation angle which has a dimension of [M ‘LT 0]

@ is the spur dike degree of permeability which has a dimension of [M ‘LT OJ
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Re is the Reynolds number which has a dimension of [M ‘I'T 0]

Fq is the densimetric Froude number which has a dimension of [M 't OJ

7 is sediment gradation or geometric standard deviation with a dimension of [M ‘rr 0]
w is the width of the channel which has a dimension of [L]or [M ‘LT 0}

t is time to develop d, is a dimension of time only which is equal to [T] or [M 'I'r 1]
For dimensionless analysis here we have considered the Buckingham 7 theorem
method, but not considered the Rayleigh method as a number of variables of more than three

(3) or four (4). Here 8,¢,R ,F,,c already dimensionless. Here we have also considered the

repeating variable as /, V and p, where / is the geometric property, V' is the flow property and
p is the fluid property. Here total number of parameters, n = 14 and the number of independent

parameters, m= 3. Therefore, we will get a total (n—m :14—3=11) ie. 11 7 terms as

follows
f (ﬂpﬂzaﬁp.........,”nim) =0
So, fl(”1,,[2’;[3,.........’7;11) =0

After considering the repeating variable in the above stated way the pi (7[) term looks
like the below:-
x, =1V p%d =1V Py o, =1V pg s o, =1V =1V oD
7y =1V p“p; m, =1V p Vs my =1V pH 5 7, =1°V” p°h 5 1y =1V p "W
sy, =1V pt
1. Now for the first 7 terms we can write-

x, =1"V"pd,
From this 7, term, we deduce that the dimensions of mass, length, and time must equate to
zero, yielding
MLT = (M°LT ) (MOLT) (M) (MLT)

Equating the left and right-side power of M, L and 7 on either side we get the value of
al, bl and c1 and by putting this value in the above 7 term we get Eq. (6.2) where the first
non-dimensional term is represented as 7z, =1"'V°p°d,,

So,
o= (6.2)
2. Similarly we can write 2" 77 term as
72_2 — ZnZVprCZV

From this 7 term, we conclude that the dimensions of mass, length, and time must

balance to zero, resulting in
c2

MOIOTO — (MoLlTo )"2 (MoLlel )b2 (MLL%TO) (MoLszl)
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Equating the power of M, L and T on either side we get the value of a2, 2 and ¢2 and
by putting this value in the above 77 term we get (Eq. 6.3) the 2" non-dimensional term as

7z, =1""V"'p’ so =, :% (6.3)

3. Similarly we can write 3™ 7 term as
7[3 — la3Vb3p63g
From this 7 term, we conclude that the dimensions of mass, length, and time must

balance to zero, resulting in
c3

MLT = (M°LT°) (ML) (M'LT°) (M7 )
Equating the power of M, L and T on either side we get the value of a3, b3 and ¢3 and by
putting this value in the above 7 term we get (Eq. 6.4) the 3™ non-dimensional term as

7w, =1V 7>p°g,so,
/
7, =L (6.4)

4. Similarly we can write the 4" 7 term as
72_4 — la4Vb4pc4d
From this 7 term, we deduce that the dimensions of mass, length, and time must equate

to zero, yielding
a4 b4 c4

MOLT® =(M°LT°)" (M°LT) (M'L°T°) " (M°LT®)
Equating the power of M, L and T on either side we get the value of a4, b4 and c4 and by
putting this value in the above 7term we get (Eq. 6.5) the 4™ non-dimensional term as
7, =1"V°p°d, so,

(6.5)

d
T, = 7
5. Similarly we can write the 5 7 term as-
7[5 — laSVbSpCSDSO
From this 7 term, we deduce that the dimensions of mass, length, and time must equate

to zero, yielding
c5

M7 =(M°LT)” (M°LT ) (M'L°1°)” (ML)
Equating the power of M, L and T on either side we get the value of a5, b5 and ¢5 and by
putting this value in the above 7 term we get (Eq. 6.6) the 5™ non-dimensional term as
7, =1"V°p’Dy,, so,
D

TTs :% (66)

6. Similarly we can write the 6% 77 term as
72_6 — laGVbﬁpc6p
From this 7 term, we deduce that the dimensions of mass, length, and time must equate
to zero, yielding

MOIT® = (MoLlTo )"6 (MoLlel )b6 (MlszTo )‘6 (MIL%TO)
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Equating the power of M, L and T on either side we get the value of a6, b6 and c6 and by
putting this value in the above 7 term we get (Eq. 6.7) the 6™ non-dimensional term as
7, =1V p ' p, , s0,

7 = (6.7)

P

7. Similarly we can write the 7" 7 term as-

7, = la7Vb7pc7VC

From this 7 term, we deduce that the dimensions of mass, length, and time must equate

to zero, yielding
c7

ML =MLt (merr) (M) (ML
Equating the power of M, L and T on either side we get the value of a7, b7 and ¢7 and by
putting this value in the above 7 term we get (Eq.6.8) the 7% non-dimensional term as

T, :IOV’IpOVC , SO,
y
T, = ?” (6.8)

8. Similarly we can write the 8" 7 term as-
7[8 — la8Vb8p08H
From this 77 term, we deduce that the dimensions of mass, length, and time must equate

to zero, yielding
c8

MrT = (ML) (M°LT ) (ML) (MOLT)
Equating the power of M, L and T on either side we get the value of a8, b8 and c8 and by
putting this value in the above 7term we get (Eq. 6.9) the 8" non-dimensional term as
. =1"V°p°H ,so,
b
i

Ty = (6.9)

9. Similarly we can write the 9" 7 term as-
71_9 _ la9Vb9p09
From this 7 term, we deduce that the dimensions of mass, length, and time must equate

to zero, yielding
c9

MLT = (ML) (M°LT ) (M'L°T°) (M°L'T°)
Equating the power of M, L and T on either side we get the value of a9, »9 and ¢9 and by
putting this value in the above 7term we get (Eq. 6.10) the 9™ non-dimensional term as
7, =1"V°p°h, so,
Ty = n (6.10)
10. Similarly we can write the 10" 7 term as-
72_10 :laloVbIOPCIOW
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From this 7 term, we deduce that the dimensions of mass, length, and time must equate
to zero, yielding

MOLOTO — (MOLITO )al() (M0L1T71 )bl() (M1L73T0 )610 (MOLITO)

Equating the power of M, L and T on either side we get the value of @10, 10 and ¢10 and
by putting this value in the above 7 term we get (Eq. 6.11) the 10™ non-dimensional term as
w

7, =1V p°W, so 7, = (6.11)
11. Similarly we can write the 11" 7 term as-
T = lallVbllpcllt
11—
From this 7 term, we deduce that the dimensions of mass, length, and time must equate
to zero, yielding

ML = (ML) (merr ) (M) (e
Equating the power of M, L and T on either side we get the value of all, b11 and c11
and by putting this value in the above 7 term we get (Eq. 6.12) the 16" non-dimensional

termas 7z, =1"'V'p%, so 7, :? (6.12)
Now the dimensionless group will be in the following form (Eq. 6.13) -
fi(”l’EZ’”:V‘ ......... ’72'11)_0
d lg d D V. H h t
£ &, X %,_’i’&,_,_ ~.0,0,R ,F,,0,— W Yl o (6.13)
LW v 1 p vl

By re-arranging the above dimensionless group we can write the above equation as follows
(Eq. 6.14)

(6.14)

e

Now Reynolds number and Froude number can be neglected so we can neglect the following

d. (ZV VQdDSOpVHh Wth

s P R N I e R 9 ¢5Re F;jaa l

terms-Re, F,

Hence, the non-dimensional group is reduced to the following form (Eq. 6.15)-

d z D,
st_ﬂ lV,V ,i,i ﬁ K E’ﬁ’ ,¢’O',E,ﬁ (615)
! viigllt 1 T p V.1 171
Since both “/” and “Lg” represent the same unit, we can easily convert “/” to “Lg”.
Now, the final dimensionless group is reduced to the following form (Eq. 6.16) -
2
dSt :fi LRV: V 515&5&,K7£5i5 ,w’O-,K’E (616)
Ly v Lzg Ly Ly p V. Ly L Ly Ly

6.2 Classification of Dimensional Parameters

Reynolds Number (LrV/v): The ratio LrV/v represents the ratio that could be as a form of
Reynolds number, where Z#/ serves as the characteristic length scale multiplied by velocity.
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In this case, the ratio LrV/v could be seen as a modified Reynolds number with a characteristic
length scale adjusted by velocity. The Re characterizes the ratio of inertial forces to viscous
forces in a fluid flow and is defined as:

Re= LrV/v; Where: Z is a characteristic length scale, V' is a characteristic velocity, vis
the kinematic viscosity of the fluid.

Froude Number (V?/Lrg): The expression V*/Lrg represents the ratio of the square of velocity
V' to the product of a characteristic length scale Lr and the acceleration due to gravity g. This
ratio is often referred to as the Froude number (Fr) in fluid mechanics and naval architecture.
The Froude number is a dimensionless parameter used to characterize the relative importance
of inertial forces to gravitational forces in a fluid flow. It is particularly significant in
analyzing open-channel flow, such as rivers, canals, and estuaries, where the behavior of the
flow is influenced by both inertia and gravity.

The formula for the Froude number (Fr) is:
Fr’= V?/Lrg; Where: V is the velocity of the fluid, Lz is a characteristic length scale (such as
the depth of the flow in open-channel flow), and g is the acceleration due to gravity.

The Froude number helps classify flow regimes in open-channel flow as subcritical (Fr
<1), critical (Fr =1), or supercritical (Fr >1). These classifications have important implications
for flow behavior and stability.

Length Scale Ratio (d/Lg): The ratio d/Lr typically represents the ratio of a characteristic
dimension d to a reference or characteristic length scale Lz. This ratio might be referred to as
the length scale ratio., and thus can be considered a dimensionless quantity.

Median Grain Size ratio (Dso/Lr): The ratio Dso/Lr typically represents the ratio of a
characteristic particle diameter Dso to a reference or characteristic length scale Lz . In
sedimentology and hydraulics, Dso often represents the median particle diameter, which is the
diameter below which 50% of the particles by weight are smaller.

Relative density (ps/p): The ratio py/p, where p; is the density of a substance or material,
and p is the density of a reference substance or material, is commonly referred to as the
specific gravity or relative density of the substance with respect to the reference material.

Velocity Scale Ratio (V/V.): The ratio V/V. can represent the relative velocity of a fluid
flow compared to a critical velocity V. . This term is used in fluid mechanics or aerodynamics
when comparing velocities to a characteristic velocity scale within the flow field. Since V/V.
has no units, it can also be classified as a dimensionless quantity, representing a velocity
normalized by a characteristic scale.

Height Ratio (H/Lr): The ratio H/Lr, where H is the height of a structure (spur dike) or
system and Lr is a characteristic length scale. This ratio can simply be referred to as the height
ratio. It indicates how the height of the structure or system compares to the reference length
scale. It can be classified as a dimensionless parameter, providing information about the
geometry or configuration of a system relative to a reference length scale.
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Thickness Ratio (h/Lr): The ratio h/Lr, can be referred to as the thickness ratio,
indicating the ratio of the actual thickness / to a characteristic length scale Lr . It provides
information about how the thickness of the spur dike compares to the reference length scale.
It can be classified as a dimensionless parameter, providing information about the geometry
or configuration of the spur dike relative to a reference length scale.

Width Ratio (W/Lg): The ratio W/Lg, can be referred to as the width ratio, indicating the
ratio of the actual width W to a characteristic length scale Lg . It provides information about
how the width of the flume compares to the reference length scale. It can be classified as a
dimensionless parameter, providing information about the geometry or configuration of the
flume relative to a reference length scale.

Tangential Velocity Ratio (Vt/Lr). The ratio V#/Lg represents the ratio of the tangential
velocity V¢ to the characteristic length scale Lz . It indicates how the tangential velocity
magnitude compares to the reference length scale. It can be considered a dimensionless
parameter. It offers insights into the velocity distribution or characteristics of the flow relative
to a reference length scale.

6.3 Dimensionless Parameters taken by Research Groups

Different research groups utilize dimensional parameters (Table 6.1) to devise empirical
equations for estimating scour depth at spur dikes, aiming to capture the complex hydraulic
processes and geometric factors influencing scour development. These dimensional terms
often incorporate flow characteristics, sediment properties, and geometric features of the spur
dike to enhance predictive accuracy across diverse hydraulic conditions.
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Table 6.1. The dimensionless terms used by different research groups to develop the empirical formulas for computing scour depth at spur dike.

Research group

Dimensionless parameters taken to develop empirical relationship

LeViv  VLrg d/Lx  Dsd/Llx  psp VWVe HAx Wiz 0 @ o WIg Vtlx Fa Fo Fo T
Alasadi et al. (2023) X x X x x v X X  x X X x x x v ox  x
Farshad et al. (2022) X x v v X v X X v v v X X v ox X X
Pandey et al. (2020) X x X v x X X X x  x X x x x x v Y
Pandey et al. (2019) x x v v x X X X x  x X x x x x v o x
Khassaf and Abbas (2018) x x X x X v X X X X X x x x v ox X
Karimi et al. (2012a) x x x x x v x x x x ¥  x x v v x  x
Karimi et al. (2012b) X X X X X v X X X X X X X X v X X
Nasrollahi et al. (2008) x x v v x X X x X X X v x x v x  x
Kothyari et al. (2007) X x x x x X X x x x Vv x x v x x v
Yanmaz and Kose (2007) x X v x x X X x x X X x x v ox x v
Coleman et al. (2003) x x v x x v x X ox  x  x x x X x oxox
Oliveto and Hager (2002) x X x x x X x x x x v x x v ox x v

Note: ‘x” indicates “not considered”.



Chapter 7
Analysis of Parameters Using Feature Selection

7.1 Feature Selection

The goal of dimensionality reduction techniques is to reduce a dataset's feature or variable count
while maintaining important information. Moreover, over fitting and model complexity are
reduced. Every technique has advantages and disadvantages, and which one to use will depend
on the specific characteristics of the dataset as well as the analysis's objectives. This investigation
aimed to analyse the optimal dimensionality reduction techniques to reduce dimensionless
parameters around spur dikes. The following lists some typical methods for reducing
dimensionality

7.1.1 Gamma Statistic Test (GST)

Goodman and Kruskal introduced the gamma correlation coefficient, a measure of rank
correlation. It assesses the similarity in the orderings of data when ranked according to different
quantities, particularly useful with tied ranks (Siegel and Castellan, 1988). It calculates the cross-
tabulated data's strength of association when both variables are measured at the ordinal level
(Goodman and Kruskal, 1979). The gamma statistic is calculated as (Eq. 7.1):

-N, P —-P
Gamma(G) = Neow =Noy. , or Gamma(G) = -4 (7.1)
con dis })con + })dis

where, Neon, is the number of concordant pairs; Nais, is the number of discordant pairs. This
statistic can be seen as a maximum likelihood estimator; Pcon and Pgis represent the likelihood that
a randomly chosen pair of observations will be ranked in the same or opposite order, respectively.

This statistic ranges from -1 to +1 (Kampen and Swyngedouw, 2000). A gamma of +1
signifies perfect positive association (all pairs are concordant), (-1) implies perfect negative
association (all pairs are discordant), and (0) indicates no association (random relationship
between variables). If the G value 0.00-0.10: Negligible correlation, similarly, 0.10-0.20:
Weak,0.20-0.40: Moderate,0.40-0.60: Relatively strong,0.60-0.80: Strong and 0.80-1.00: Very
strong correlation (Rea and Parker, 1992).
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Table 7.1. Correlation for Goodman and Kruskal's gamma statistics test.

" Lel/v 12/Lrg d/Lg Dso/Lz V/Ve H/Lz WLz o) ® W/Lg Vt/Lr

G p G p G p G P G p G p G p G P G P G P G P G p
d#/Lx 006 0 002 030 001 066 -001 057 012 0 -0.12 0.00 -029 0.00 -0.03 082 -045 000 0.15 0.00 0.06 0.01 036 0.00
Lelv 049 0.00 025 0.00 024 000 056 0 031 000 -0.04 0.05 000 1.00 021 000 -035 000 0.01 078 0.19 0.00
17/Lrg 037 0.00 070 0.00 068 0 0.76 0.00 023 0.00 000 100 026 000 -044 0.00 022 0.00 033 0.00
d/Lx 0.17 000 025 0 026 0.00 020 000 000 100 006 044 -0.62 0.00 025 0.00 0.08 0.00
Dso/Lz 046 0 0.85 0.00 030 0.00 000 1.00 -0.02 064 -025 0.00 020 0.00 0.40 0.00
Ve 0.52 0.00 0.07 001 000 100 026 000 -0.30 0.00 021 0.00 0.30 0.00
H/Lg 0.45 0.00 0.00 1.00 0.19 0.00 -0.52 0.00 036 0.00 036 0.00
h/Lg 0.00 1.00 -0.10 0.11 -045 0.00 0.03 031 0.03 023
o 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
@ 0.04 034 -026 0.00 -0.25 0.00
o 041 0.00 -0.14 0.00
W/Lg 0.26 0.00
Vt/Lr

Note: G - Gamma, p — Significant, #-Parameters; In the given Table 7.1, the parameters © and W/Lg are excluded based on their p-
values being greater than 0.05 in relation to LzV/v. Similarly, regarding V?/Lrg, H/Lr is omitted due to its strong positive association
with V?/Lgg indicated by a G value of 0.762. Additionally, O is excluded as its p-value exceeds 0.05. Likewise, in the context of d/Lx,
parameters © and ¢ are omitted for the same reason. For Dso/Lr, H/Lr is disregarded given its G value of 0.851, and © and ¢ are

omitted due to their p-values exceeding 0.05. Similarly, in the case of 4/Lr, parameters 6, ¢, W/Lr, and Vt/Lr are excluded due to their
p-values exceeding 0.05, although V#/Lr is retained as it is deemed an important parameter. Hence, the dimension-less group was

reduced to the following form (Eq. 7.2) -

st

LR

:ﬁ[
|4

Ly
Lyg

b
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7.1.2 Pearson Correlation Coefficient (PCC)

The Pearson correlation coefficient is a statistical measure used to evaluate the linear correlation
between two datasets. It ranges between -1 and +1, representing the strength and direction of the
linear relationship (Pearson, 1895). A -1 or +1, with a negative or positive direction, respectively,
indicates strong strength. When the strength and direction are 0, there is no correlation. Pearson
correlation coefficient, given a pair of random variables (X, Y), the formula for p (Eq. 7.3) is
Pxy = cov(4,7) (7.3)
O-X O-Y
where, cov (X, Y) is the covariance between X and Y. gx and oy are the standard deviations
of X and Y, respectively.

Table 7.2. Correlation for Pearson correlation coefficient.

# dg/Lr LrVN VQ/LRg d/Lg Dso/Lr V/Ve H/Lg h/Lr e ® o W/Lr Vt/Lg
dy/Lr 1
L:VA 0.06% 1
12/Lrg  0.04  0.51%* 1
d/Lx  0.10%%  0.25%% (.54%* 1
Dsy/Lr  0.11%% 0.28%* (.8]** (.43%* 1
V/Ve — 0.14%%  0.68%* 0.82%*% (0.36%* 0.54%* 1
H/Lx ) es 0A46% 084%F 033%* 0.66%* 0.71% 1
%4 - -0.04 ) -0.06* ) ) 0.07* 1
R 0.37%* 0.13%* 0.16%% 0.22%*
e 001 000 0.00 000 000 000 000 0.00 1
- - - 0.0
0.25%%* 0.04 0.14%%  0.09%*  -0.02 1
® 026 0.1 0.16%* 0
: - - . - : 0.0
0.18**  -0.02 0.02 1
¢ 0.43%*%  0.64%% 0.42%% (022%F (036%* 0.14** 0
- . 0.0 - -
W/Lzx — 0.13%* 0.51%*% 0.51%% 0.57%*% (.28%F (.32%* 1
" 0.09%* 0.41%* 0  0.18*%* 0.60**
- 0.0 - - 0.36*
UL 0.38%F 0.34%F 0.68%F 0.34%F 0.54%F 0.55%F 0.56** T (oges s 1

Note: *. Correlation is significant at the 0.05 level (2-tailed); **. Correlation is significant at the
0.01 level (2-tailed). The correlation values from Table 7.2 between V?/Lgg and Dso/Lr, V/V., and
H/Lg are 0.81, 0.82, and 0.84 respectively, indicating strong correlations. Consequently, Dso/Lr
and H/Lg are excluded from consideration. But V/V. is considered as an important parameter.
Although the correlation coefficient 6 is zero, but it lacks significance (>0.05), thus 6 is also
disregarded. Hence, the dimension-less group was reduced to the following form (Eq. 7.4) -
d_f[LRVV_deh Wﬁj
1

= ) ,_5_,_5¢’O-5_5
L v o Lpg Ly V. Ly Ly Ly

R

(7.4)
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7.1.3 Spearman’s rho Correlation Coefficient (SRCC)

The Spearman’s rank correlation coefficient (rs) (Spearman, 1904) is used to evaluate the strength
and direction of a monotonic relationship between two variables. SRCC does not presuppose a
linear relationship, in contrast to the Pearson correlation. Instead, it measures how well
observations in one variable correspond to the level of observations in another variable. It has a
range of -1 to +1, where a perfect inverse relationship is represented by a value of -1, a perfect
direct relationship by a value of +1, and no monotonic relationship by a value of 0. SRCC can be
calculated using the following formula (Eq. 7.5):

2
Y (7.5)
N(N” -1
where D is the rank difference between the corresponding variables, and N is the number of
observations.

p=1-

Table 7.3. Correlation for Spearman’s rho correlation coefficient.

# ds/Lg LrVN VZ/LRg d/Lr Dso/Lr /T, H/Lg h/Lg [C] [} o W/Lr Vt/Lg
dy/Lz 1
LeVhv  0.08%* 1
12/Lgg  0.10%*%  0.62%* 1
d/Lg  0.03  0.41%% (.54%%* 1
Dso/Lr  0.07%  0.33%%  0.86%* (.30%* 1
V/Ve  0.18%% 0.71%% (.74%% (0.38%% (.46%* 1
H/Lg — 0.46%*% 0.70%* 0.38%* (.61** (0.61%* 1
h/Lx e 0.06*  0.25%% (026%* (.23%* (.18*% (.6]%* 1
e -0.01  0.00 0.00 000 0.00 0.00 0.00 0.00 1
- s,k k% J sk sk g
) 0045 0.13 0.08 0.03 0.04 0.16 0.16 0.01  0.00 1
0.14%* ) ) ) ) ) ) ) 0.00 0.03 1
¢ 0.41%%  0.56%* (.77%% (.32%% (034%* (.52%* (.50%*
W/g  0.12%% ) 0.36%*% 0.38%* (.33%* (.17** (.]18%* ) 0.00 ) )
K 0.08%* 0.10%* 0.15%%  0.42%*
7 ek sk sk 3k ook o ook - - *k
Vt/Lx  0.52 0.27%*% 0.48 0.14%* 0.49 0.37 0.39 002 000 .y o pex 031 1

Note: “**”- Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at
the 0.05 level (2-tailed). Reduced Dso/Lr in the above Table 7.3 and the correlation value between
Dso/Lr and V?/Lrg is 0.86. Likewise, since o and d/Lg correlation value is -0.77, also reduced.
Although the correlation coefficient 6 is zero, but it lacks significance (>0.05), thus 6 is also
disregarded. In a similar vein, reduced ¢, as the significance level >0.05. Hence, the dimension-
less group was reduced to the following form (Eq. 7.6) -

d_f(LRV p? dVHhWth
—f L

st

LR

5 ) 5 ) 5 5 ) (76)
v o Lyg Ly V. Ly Ly Ly Ly
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7.1.4 Kendall’s tau-b Correlation Coefficient (KCC)

KCC is a non-parametric test used to measure the similarity between two variables. Unlike Pearson
correlation, it does not mean that the relationship between variables is linear but rather measures
correlations as consistent and inconsistent pairs. Specifically, the coefficient measures the
difference between the number of pairs that are concordant and discordant (Kendall, 1938). It is
used when data is sorted rather than measured on an interval or ratio scale and this coefficient is
robust to outliers and small samples. Kendall's tau-b adjusts for tied ranks by using the following
formula (Eq. 7.7).

Kendall’s 7 = il
c+d

(7.7)

where, ¢ is the number of concordant pairs and d is the number of discordant pairs. Kendall's
tau-b correlation coefficient ranges from -1 to +1. A value of -1 indicates a negative correlation, a
value of 0 indicates no correlation and a value of +1 indicates a positive correlation. A p-value less
than 0.05 indicates a significant correlation, while a p-value greater than 0.05 indicates no

significant correlation.

Table 7.4. Correlation for Kendall’s tau-b correlation coefficient.

#

dsf/LR LR |4% Vz/LRg d/LR D5()/LR V/VC H/LR h/LR e () o W/LR

Vit/Lg

dst/Lr 1

LrV/v  0.08%* 1

17/Lgg  0.08%* (.45%* 1

d/Lr 0.03  0.27** 0.40%* 1

Dso/Lr  0.04*  0.18*%* 0.68** (0.20** 1

V/Ve  0.13%%  0.54**  0.57** 0.25%* (.32%%* 1

H/Lr ) oen O31F% O.57%F 024%%  0.57% 0.47%* 1

WLe sy 000 0.16%* 0.18%* 0.16%* 0.12%* 0.46** 1

2] 001 000 000 000 000 000 000 0.0 1
- ook ook g o5k sk

®  gqgw Ol 0.07 0.02 0.03 0.14** (.15 0.01  0.00 1
0.09%* ) ) ) ) ) ) ) 0.00 0.02

¢ 0.33%%  0.42%*%  0.60%* 0.23%* 026%* (0.41%* 0.4]1** !

W/z  0.09%%* ) 0.23%%  0.28%* (0.20%* (.12%* 0.18%* -0.03 0.00 - )

Vt/Lr  0.36%* 0.18** 0.34** (0.10%* 0.35** 0.26%* 0.29** 0.02 0.00

0.07%* 0.12%*%  0.36**

- sk
0.09%*  (.12%* 021

1

Note: **. Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the
0.05 level (2-tailed). Since the correlation coefficient 6 is zero from Table 7.4, but it lacks
significance (>0.05), thus 6 is also disregarded. In the same manner, reduced #4/Lr and ¢, as the
significance greater than 0.05. Hence, the dimension-less group was reduced to the following form
(Eq. 7.8) -

2
ds,:fl(LRV v: d D, V H LK sz (78)

v ,LRg’LR Ly V. Ly r Lx

L~
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Table 7.5. Weighted mean percentage for gamma statistics, and correlations.

GST PCC SRCC KCC
Frequency * Avg. # HoE #H# # ok #H # . #H# # wx #H
Range of
Freq.

0.00-0.19 Negligible 0.1 68 4.02 76 45 76 4.5 90  5.33
020039  Weak 03 56 9.94 34 6.04 38 6.75 40 71
040059 Moderate 05 22 651 28 828 24 7.1 2 651

, 31.8 339 329 275
0.60-0.79 Relatively oo 5q 12 497 16  6.63 4 166

strong

\%
0.80-1.00 ey 09 15 7.99 19 10.12 15 7.99 13 692

strong

169 169 169 169

Note: *-Descriptions, # -Number of Frequency (Freq.), **- Individual Weighted (%), ##-Weighted
Mean (%)

7.1.5 Principal Component Analysis (PCA)

PCA is a statistical technique that transforms correlated feature observations into linearly
uncorrelated features through orthogonal transformation. The PCA are the newly altered features.
It's widely used in predictive modelling and exploratory data analysis. PCA reduces dimensionality
by considering variance, which indicates a good split between classes. It begins by computing the
dataset's covariance matrix to understand relationships between variables. The matrix is then
decomposed into eigenvalues and eigenvectors. Higher eigenvalue components absorb more
variance and are retained, while lower ones are eliminated. PCA 1is linear and utilized in data
preprocessing, visualization, and exploratory analysis. Data is transformed into a new coordinate
system to identify principal components capturing the most variation (Camdevyren et al., 2005).

Table 7.6. Rotated component matrix for principal component analysis (PCA).

# Component

1 2
V/Ve 0.892  0.158
V?/Lrg 0.835  0.488
LrV/v  0.808  -0.199
H/Lg  0.801  0.315
Vt/Lr ~ 0.664  0.314
Dso/Lg  0.601  0.570
W/Lg ~ 0.107  0.864
o -0.072  -0.847
d/Lr 0.267  0.720

Note: #- parameters
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PCA are independent linear combination of input variables Lu et al. (2003). Acceptable
KMO and Bartlett’s test values are >0.70 and P-values <0.05, respectively.

In the above technique (Table 7.6), the value of Kaiser—-Meyer—Olkin (KMO) and Bartlett’s
test is 0.791, i.e. > 0.7 and p-value < 0.05. The eigenvalue for the first two components and the
rest seven components is > 1 and < 1 respectively. For the total variance explained, the cumulative
% 1s 72.062 and for the rotated component matrix, the eigenvalue of % of the variance is 53.786
(maximum). Hence, the dimension-less group was reduced to the following form (Eq. 7.9)-

d, f(LRV v:d DoV H Kﬁj
1

L = b b b b b ’G’ 5

7.9
" v Lig L, L, V. L (79)

7.1.6 Discriminant Analysis (DA)

Discriminant Analysis (DA) is used when the dependent variable is categorical and the predictor
or the independent variable is interval in nature (Fisher, 1936). It aims to create discriminant
functions, which are linear combinations of independent variables that accurately differentiate
between categories of the dependent variable. DA helps assess differences among groups based on
predictor variables and evaluates classification accuracy. Interpretation involves examining Wilk’s
Lambda, where lower values (0 to 1) indicate higher significance, values close to 0 suggest better
discrimination, and an F-test with a p-value < 0.05 is considered significant.

For Discriminant Analysis: FEigen Value:0.32, Wilk’s Lambda:0.76, Chi-square
value:324.15,p-value:0.00, Proportion of variance Explained (%):100.00, Cumulative proportion
of variance Explained (%):100.00 and Canonical Correlation: 0.49.

In this analysis, 90.9% of originally grouped cases were correctly classified. Cross-validation
is done only for those cases in the analysis. In cross-validation, each case is classified by the
functions derived from all cases other than that case 89.9% of cross-validated grouped cases were
correctly classified (Table 7.7).

Table 7.7. Structure matrix for discriminant analysis.

Parameters Vt/Lg h/Lx o V/V. Dso/Lg d/Lrx LrRVNV @  V?/Lgg W/g H/Ar ©

Function 042 -0.27 0.22 022 0.19 0.17 0.16 -0.16 0.07 0.06 -0.05 0.00

The dimension-less group was reduced to the following form (Eq. 7.10)-
d, LV V: d V h WVt
= fi| === —

s 5_3_5_99a¢50’_5
Ly v o Lig Ly V. L Ly Ly

(7.10)
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Table 7.8. Weighted mean percentage for PCA and Discriminant analysis.

PCA DA
Frequency * Avg. of Frequency #  ** #Hit #oEx H
0.00-0.19 Negligible variable 0.1 2 222 8 6.67
0.20-0.39 Weak variable 0.3 1 333 3 75
0.40-0.59 Moderate variable 0.5 0 0 61.11 1 417 1833
0.60-0.79 Relatively strong 0.7 2 1556 0 0
variable
0.80-1.00 Very strong variable 0.9 4 40 0 0
Total number of Frequency 9 12

7.1.7 Line of Least Squares Regression (LSR)

The LSR method (Legendre, 1805) is a form of regression analysis used to determine the

placement of a best-fit line among data points. It starts with plotting data on a graph with two

variables. This linear method aims to create a line that minimizes the sum of squared errors

between observed and predicted values. Equations for the best-fit line can be generated using

computer software, providing coefficients (Table 7.9) and summary outputs for analysis,

explaining variable dependence.
Note: UC-Unstandardized Coefficients, SC-Standardized Coefficients, C- Constant; SE-Std.
Error; t- Ratio of the estimated coefficient to its standard error for Table 7.9.

Table 7.9. Coefficients for line of least squares regression.

Parameters ucC SC t P
B SE B
C 2.67 0.29 -9.34  0.00
LrVN 1.65x10°7 0.00 0.01 047 0.64
V2/Lrg -3.52 0.16 -1.73 -22.41 0.00
d/Lr 0.56 0.03 048 1640 0.00
Dso/Lr 15.73 121 047 13.05 0.00
V/V. 1.39 0.08 0.74 17.09 0.00
H/Lr 0.02 0.01 0.13 3.14 0.00
h/Lg -1.00 0.12 -0.22 -822 0.00
e 0.00 0.00 -0.01 -0.45 0.65
17 -0.01 0.00 -0.43 -18.67 0.00
o 1.46 0.17 026 839 0.00
W/Lr 0.00 0.01 0.02 041 0.68
Vt/Lr 1.2x10% 0.00 063 24.88 0.00
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Model summary: R:0.78, R-square: 0.61, Adjusted R Square:0.60, Std. Error of the
Estimate:0.21, R Square Change:0.61, Sig. F Change:0.00; Predictors: (Constant), V#/Lr, 6, ¢,
h/Lr, o, LRV/v, Dso/Lr, d/Lr, H/Lr, W/Lg, V/V, VZ/LRg and Dependent Variable: ds/Lr

In the above model summary, it was found that (Eq. 7.11),

2
d :fl(LRV V: d D, V H h w Vt] (7.11)

= s 3_a—,_a—,_503(0,o-3—5_
L v "L L, L, V. L, L, L, L,

R
From coefficient Table 7.9, it has been seen that the p-value of LrV/v, © and W/Lr are greater
than 0.05, so the dimension-less group was reduced to the following form (Eq. 7.12) -

ﬂ:fl( v ,i,&’ﬁ,ﬂ,i,%a,ﬁJ (7.12)
Ly Lpg Ly Ly V., Ly Ly Ly
Table 7.10. Weighted mean percentage for line of least squares regression.
Frequency Range Avg. of Frequency Individual = Weighted
Frequency Weighted  Mean (%)
(%)
0.00-0.39 Negligible variable 0.2 6 10
0.40-0.79 Weak variable 0.6 5 25
0.80-1.19 Moderate variable 0.1 0 0 50
1.20-1.59 Relatively strong variable 1.395 0 0
1.60-2.00 Very strong variable 1.8 1 15
Total frequency 12

7.1.8 Enter Regression Analysis (ER)

Linear regression technique for variable selection in which each variable in a block is entered in a
single step. This is an appropriate test when dealing with a small set of measured variables and the
researcher cannot know which independent variable will produce the best predictor. Each predictor
variable is weighted because it is entered after all other independent variables and is weighted
according to its contribution to the estimate of the variance of the mean predicted by the other
variables entering the model (Montgomery et al., 2012). Variables with the largest R’ and lowest
p value of less than 0.05 were included in the model and considered significant.
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Table 7.11. Coefficient for entering regression analysis.

Parameters UucC SC t P
B SE B
C -2.68 0.20 -13.16 0
V/Lrg -3.51 0.16 -1.72 -22.53 0
d/LR 0.57 0.03 048 1672 0
DsyLR 15.79 1.19 047 1328 0
y/ve 1.40 0.07 075 1885 0
H/LR 0.02 001 0.13 313 0
h/LR -1.02 0.10 -0.22 -1051 0
7 -0.01 0.00 -0.43 -1928 0
o 1.44 0.14 026 1004 ©0
Vt/LR 1.20 x 10° 0.00 0.63 2494 0

Model summary: R:0.78, R-square: 0.61, Adjusted R Square:0.60, Std. Error of the
Estimate:0.21, Durbin-Watson:0.44; Predictors: (Constant), Vi/Lr, @, h/Lr, o, V/Vc, d/Lr, Dso/Lg,
H/Lg, V?/Lgg. In the above model summary (Table 7.11), it was found that (Eq. 7.13)
d_f[Vz d D, V H h Ej

1

st — o
L, Lyg' L, L, V. L, L, L,

(7.13)

7.1.9 Forward Regression Analysis (FR)

Forward regression is a linear regression method in which variables are added to the model one by
one according to their contribution to improving model fit. It starts with a null model and adds
predictions at each step to ensure the best improvement in model fit. This process continues until
there is no further improvement in model fit or until stopping is complete (Efroymson,1960).
Forward regression is useful when dealing with multiple potential predictors to identify the most
likely predictors of different outcomes. Variables with a P value less than 0.05 were considered
significant had a larger R? and were included in the model.

Table 7.12. Coefficient for forward regression analysis.

Parameters UC SC t Sig.
B SE b

C -2.68 0.2 -13.16 0
Vt/Lr 1.2x10-06 0 063 2494 0
H/Lr 0.02 001 0.13 3.13 0
h/Lr -1.02 0.1 -022 -10.51 0
@ -0.01 0 -043 -1928 0
V/Lrg -3.51 0.15 -1.72 2253 0
V/Ve 1.4 0.07 075 1885 0
d/Lr 0.56 003 048 1672 0
Dso/Lr 15.79 1.19 047 1328 0
o 1.44 0.14 026 10.04 O
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Model summary: R: 0.78, R-square: 0.61, Adjusted R Square:0.60, Std. Error of the
Estimate:0.21, R Square Change:0.03, Sig. F Change:0.00; Predictors: (Constant), Vt/Lr, H/Lg,
WLr, @, V2/Lrg, V/Ve, d/Lr, D5o/Lr, o

In the above model summary (Table 7.12), it was found that (Eq. 7.14),

2
ds,_fl(V 4 DoV H b EJ (7.14)
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7.1.10 Backward Regression Analysis (BR)

Backward regression (Table 7.13) is a variable selection method where all variables are initially
included in the model, then sequentially eliminated based on their partial correlation with the
dependent variable. The variable with the smallest partial correlation is removed first, and this
process continues until no variables meet the removal criteria (Efroymson,1960). Variables with
the highest R? and low p-values (<0.05) are considered significant and retained in the model.

Table 7.13. Coefficient for backward regression analysis.

Parameters ucC SC t p
B SE B
C -2.68 0.20 -13.16 0
12/Lrg -3.51 0.16 -1.72 -22.53 0
d/Lr 0.56 0.03 0.48 16.72 0
Dso/Lr 15.79 1.19 0.47 13.28 0
V7, 1.40 0.07 0.75 18.85 0
H/Lg 0.02 0.01 0.13 3.13 0
h/Lr -1.02 0.10 -0.22 -10.51 0
® -0.01 0.00 -0.43 -19.28 0
o 1.44 0.14 0.26 10.04 0
I't/Lg 0.00 0.00 0.63 24.94 0

Model summary: Removed: LrV/v, ©, W/Lg; R: 0.78, R-square: 0.61, Adjusted R
Square:0.60, Std. Error of the Estimate:0.21, R Square Change:0.00, Sig. F Change:0.65;
Predictors: (Constant), Vt/Lr, ¢, h/Lr, o, Dso/Lr, d/Lr, H/Lg, V/V-, VZ/LRg

In the above model summary (Table 7.13), it was found that (Eq. 7.15),

d V: d D, V H h Vt
_sf_fl( B ) _j (7.15)

LR

7.1.11 Removed Regression Analysis (RR)

Removed regression is a technique that involves removing variables from a regression model. It
starts with all variables in the model and removes one variable at each step. Variables selected for
removal are generally those that contribute least to the model based on criteria such as their partial
correlation with the dependent variable. This process continues to repeat until no other variables
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complete the removal process. The remaining variables in the model are considered significant and
are retained. This approach helps simplify the model by eliminating unnecessary variables and
improving its interpretability and prediction accuracy (Efroymson, 1960). The variables that are
considered significant and included in the model are those with the largest R’ and low P-values
less than 0.05.

Table 7.14. Coefficient for removed regression analysis.

Parameters UucC SC t p
B SE s
C -2.68 0.20 -13.16 0
VZ/Lrg -3.51 016 -1.72 -2253 0
d/Lg 0.57 0.03 048 1672 0
Dso/Lr 1579 1.19 047 1328 0
V/V. 1.40 0.07 0.75 1885 0
H/Lg 0.02 001 0.13 313 0
h/Lg -1.02 0.10 -0.22 -1051 O
® -0.01 0.00 -043 -19.28 0
o 144 0.14 026 1004 O
Vt/Lr 0.00 0.00 0.63 2494 0

Model summary: R: 0.78, R-square: 0.61, Adjusted R Square: 0.60, Std. Error of the
Estimate: 0.21, Predictors: (Constant), Vi/Lg, @, h/Lr, o, V/Ve, d/Lr, Dso/Lr, H/Lg, VZ/LRg
In the above model summary (Table 7.14), it was found that (Eq. 7.16),

2
dﬁ_fl[V d Dy V H h ﬁj (7.16)
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7.1.12 Stepwise Regression Analysis (SWR)

At each step, if the probability of F is small enough, enter the independent variable that is not
included in the equation and has the smallest value of F. The F variable that is already in the equal
regression will be removed if its probabilities are large enough. This method ends when there are
no more variables available to include or exclude. This method combines forward and backward
regression to add and remove predictors based on their contribution to the model to avoid
incomplete models (Efroymson, 1960). The model included variables with the largest R? and low
p values (less than 0.05) that were considered statistically significant.

Model summary: R:0.78, R-square: 0.61, Adjusted R Square:0.60, Std. Error of the
Estimate:0.21, R Square Change:0.03, Sig. F Change:0.00; Predictors: (Constant), V#/Lr, H/Lg,
h/Lg, o, VZ/LRg, V/Ve, d/Lr, Dso/Lr, o
In the above model summary (table 7.15), it was found that (Eq. 7.17),

2
dsf_f][V 4Dy VH b ﬁj (7.17)

LR_ LRg’LR’LR’V’LR’LR,¢’ ’LR
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Table 7.15. Coefficient for stepwise regression analysis.

Parameters ucC SC t Sig.
B SE p

C -2.68 0.20 -13.16 0
Vit/Lr 0.00 0.00 063 2494 0
H/Lr 0.02 0.01 0.13 3.13 0
h/Lr -1.02 0.10 -0.22 -10.51 O
® -0.01 0.00 -043 -1928 0
V2/ILgg  -3.51 0.16 -1.72 -22.53 0
V/Ve 1.40 0.07 075 1885 0
d/Lr 0.57 003 048 1672 0
Dso/Lr 1579 1.19 047 1328 O
o 1.44 0.14 026 1004 O

Table 7.16. Weighted mean percentage for regression analysis.

Enter, Forward, Backward, Removed, Stepwise Regression

Frequency Range Description Avg. of Frequency Individual Weighted
Frequency Weighted Mean

(70) (%)

0.00-0.39 Negligible variable 0.2 3 6.67

0.40-0.79 Weak variable 0.6 5 33.33

0.80-1.19 Moderate variable 0.1 0 0.00 60

1.20-1.59 Relatively strong variable 1.395 0 0.00

1.60-2.00 Very strong variable 1.8 | 20.00

Total Frequency 9

7.1.13 Subset Regression Analysis (SSR)

The best subsets regression command involves examining all the models for all possible
combinations of predictor variables and determining the best set of predictors for each subset size
based on predefined criteria such as the Akaike Information Criterion (AIC) or Bayesian
Information Criterion (BIC) (Doe and Smith, 2020). It can be used alternatively in place of the
stepwise regression techniques. The best subsets regression is also known as all possible subsets’
regression. This method command selects the subset of predictors at each step that fits best, based
on the criterion of having the largest R°.
Model summary: Predictors: V?/Lgg, d/Lr, Dso/Lr, V/Ve, H/Lr, h/Lr, @, o, Vt/Lg; Akaike
Information Criterion (AIC): 3676.14; Schwarz Bayesian Criterion (SBC): -3625.39; Mallows'
Cp: 7.5; Difference between Cp and Nr of Parameters: 2.5; Std. Error of the Estimate: 0.21; R%:0.61
and Adj.R%0.60

In the above Model summary, it was found that (Eq. 7.18),
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(7.18)

Table 7.17. Weighted mean percentage for subset regression analysis.

Frequency Description Avg. of Frequency Individual Weighted

Range frequency weighted Mean

% (%)
0.00-0.19 Negligible variable 0.1 3 2.5
0.20-0.39 Weak variable 0.3 0 0
0.40-0.59 Moderate variable 0.5 0 0 70.00
0.60-0.79  Relatively strong variable 0.7 0 0
0.80-1.00 Very strong variable 0.9 9 67.5
Total Frequency 12

7.1.14 Mandatory and Additional Components Contributing to Dimensional
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Fig. 7.1. Non-dimensional parameter graphs for all literature data against (ds/Lr)max-

After analyzing Fig.7.1, several observations stand out. For LgV/v, the figure displays a moderate
trend with some constant vertical lines, while R? indicates it as the strongest parameter. Conversely,
for V?/Lr g, there's no constant vertical line, making it the strongest parameter both visually and in
terms of R’ value. Similarly, d/Lr shows a moderate trend with constant vertical lines but ranks
strongest based on R’. Dso/Lr exhibits a moderate pattern with constant lines but is the weakest
based on R. py/p is the weakest parameter as it only shows constant vertical lines in the figure and
has a low R’ value. Moving on, V/V. emerges as the strongest parameter due to the absence of
constant vertical lines and a high R’ value. H/Lg and h/Lg exhibit moderate trends with constant
vertical lines but rank strongest according to R’ values. Conversely, O is the weakest parameter,
showing constant vertical lines and a low R’ value. ¢ and o similarly rank weakest due to constant
vertical lines, although their R’ values are strong. W/Lg displays a moderate trend with constant
lines and a weak R’ value. Finally, V#/Lg stands out as the strongest parameter, supported by both
its visual representation and high R’ value, without any constant vertical lines.

So, as per the Fig. 7.1, visualization: Strongest: V?/Lg g, V/Ve, Vt/Lr. Moderate: LrV/v, d/Lr,
Dso/Lr, H/Lr, h/Lr, W/Lg, Weakest: py/p, O, @, o.

Similarly, as per the value of R%: Strongest: LrV/Av, V?/Lr g, d/Lr, V/Ve, H/Lr h/Lr, @, o,
Vt/Lg, Weakest: Dso/Lr, ps/p, O, W/LR.

Now combining strength: Strongest: V?/Lr g, V/Ve, Vt/Lr; Weakest: ps/p, O; Strongest and
Moderate: LrV/v, d/Lr, H/Lr, h/Lg; Strongest & Weakest: ¢, g; Moderate and Weakest: Dso/Lg,
W/Lr

The following Table 7.18 represents the summary of the all-dimensionality reduction
techniques.
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Table 7.18. Ultimate summary: fundamental and supplemental components for dimensional

parameters.
Dimensionality Reduction Additional Components Mandatory
Techniques Components
Gamma statistics test LyV/v  Dsd/lg  WLlx o - - - -
Pearson correlation coefficient LrV/v - Wlg o @  W/ig — -

Spearn?an’s rho correlation LV - Wie - T Wie Hin
coefficient

Kendall’s tau-b correlation - -

. LR Viv Dso/LR — o W/LR H/LR
coefficient
Principal component analysis LrV/v  Dso/Lg - o — WILg H/g V/Lrg
Discriminant analysis LrVv - Wl o @  W/ig — o d/Lr
Line of least squares regression - Dsy/Lrx  Wlg o @ - HlLz - v/v,,
Enter regression analysis - Dsy/Lr  hWlr o @ - HiLy, - Vit/Lr
Forward regression analysis - Ds/Lrg  Wlrg o @ - HlLy, -
Backward regression analysis - Dsy/Lr  Wlrg o @ - HlLz, -
Removed regression analysis - Dso/Lr WLz o @ - Hilzx -
Stepwise regression analysis - Dsy/Lr  Wlr o @ - HlLy, -
Subset regression analysis - Dsy/Lr  Wlg o @ - HlL, -
80.00 OSubset Regression
i ") aPCA
Welghted Mean ( A)) OEnter Regression
OForward Regression
DO Backward Regression
60.00 ORemoved Regression
.00 1 7 (oo B Stepwise Regression )
—_ OLine of Least Squares Regression
§ / E B Pearson Correlation
) ’ G Spearmans Correlation
© / Eﬁﬁ ’ DGgmma Statistics test
% pomnens] EKendalls tau b
5 40.00 - / E [ & Discriminant Analysis
g / 2 |
< [
S / o |
- o
20.00 - % lﬁ.ﬁ% ;:
0.00 A :E-g E

Dimensionality reduction technique

Fig 7.2. Weighted Mean (%) for different dimensionality reduction techniques.
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7.1.15 Identify Optimal Technique using Weighted Mean Percentage Method

The Weighted Mean Percentage method (Fig. 7.2) determines the optimal technique by assigning
weights (Tables 7.5, 7.8, 7.10, 7.16 and 7.17) to methods or criteria based on their perceived
importance. In this analysis of scour depth prediction for spur dikes, Subset Regression emerges
as the most influential technique (70%), followed by PCA (61.2%). Subset Regression selects
predictor variables effectively, particularly beneficial for complex datasets, while PCA aids in
identifying patterns. Conversely, Discriminant Analysis has the lowest weighted mean percentage
(18.33%), suggesting limited suitability for scour depth prediction due to mismatched assumptions
or dataset characteristics. This insight encourages researchers to seek more appropriate methods
for improving scour prediction models in hydraulic engineering applications.
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Chapter 8
Results and Discussion

8.1 Literature Data Compared to Empirical Formulas

To ensure the accuracy of data collected from Scopus and Google Scholar, a comprehensive
comparison was conducted between all literature datasets and empirical formulas used for
calculating scour depth in Spur dikes. This rigorous analysis aimed to evaluate how well the
empirical formulas align with the literature data, providing insights into their accuracy and
applicability across different scenarios. Empirical formulas proposed by Pandey et al. (2020),
Karimi et al. (2012a, b), Nasrollahi et al. (2008), Kothyari et al. (2007), Yanmaz and Kose (2007),
Coleman et al. (2003), and Oliveto and Hager (2002) were employed for this comparison.

By scrutinizing the agreement or discrepancies between the predicted scour depths and the
actual measurements from the literature, researchers could ascertain the reliability and limitations
of each formula. This thorough examination facilitated the identification of which empirical
formula performed optimally for various datasets. Furthermore, it provided valuable guidance for
selecting appropriate models in practical applications related to spur dike scour depth prediction.

Overall, this verification process upheld the integrity of the dataset, ensuring confidence in
its reliability for further research and analysis in the field. It served as a crucial step in validating
the accuracy of data obtained from literature sources and enhancing our understanding of spur dike
scour depth prediction methodologies.

In Fig. 8.1 and Fig. 8.9a, the equation of Pandey et al. (2020) was applied to all data. It was
observed that Pandey et al.'s data fell within the £30% perfect agreement line (PAL) range, along
with some data points from Masood, Khassaf, and Lodhi. However, the majority of literature data
did not entirely fall within this threshold. Pandey et al. (2020) emerged as the most suitable data,
while Alasadi et al. (2023), Patel and Kumar (2023), Farshad et al. (2022), Ning et al. (2019), and
even Pandey et al. (2014a, 2014b) represented the least fitting literature data. Consequently, this
formula was not deemed suitable for all types of data.

Similarly, in Fig. 8.2 and Fig. 8.9b, all data were analyzed using the equation of Karimi et
al. (2012a). It was observed that the majority of literature data, including Karimi et al. (2012a),
fell within the +30% PAL, except for Alasadi et al. (2023), Patel and Kumar (2023), Masood et al.
(2021), and Nasrollahi et al. (2008). Some data points from Khassaf and Abbas (2018), and Lodhi
et al. (2018, 2017), also fell within the £30% PAL range. Karimi et al. (2012a) emerged as the
best-fitting data, while Alasadi et al. (2023) represented the least accurate literature data. Hence,
this formula's application appeared to be nearly appropriate for all data types.

In a similar vein, Fig. 8.3 and Fig. 8.9¢c, applied the equation of Karimi et al. (2012b) to all
datasets. It was illustrated that the majority of literature data, including Karimi et al. (2012b),
aligned within the £30% PAL range, except for Alasadi et al. (2023) and Patel and Kumar (2023).
Some data points from Lodhi et al. (2018, 2017), and Nasrollahi et al. (2008), fell within the £30%
PAL range. Karimi et al. (2012 a, b), and Pandey et al. (2014b) emerged as the most suitable data,
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while Alasadi et al. (2023) and Patel and Kumar (2023) represented the least accurate literature
data. Hence, the application of these formulas appeared to be nearly suitable for all data types.

Similarly, in Fig. 8.4 and Fig. 8.9d, all data underwent analysis using the equation of
Nasrollahi et al. (2008). Literature data from Pandey, Farshad, Ning, and Karimi fell within the
+30% PAL, except for Alasadi, Patel and Kumar, and Masood. Additionally, some data points
from Khassaf, Lodhi, and Nasrollahi also fell within the £30% PAL range. Karimi et al. (2012a)
emerged as the most suitable data, whereas Alasadi, Patel and Kumar, and Masood represented the
least accurate literature data. Consequently, this formula's application was deemed not nearly
suitable for all data types.

Similarly, in Fig. 8.5 and Fig. 8.9¢, all data were subjected to the equation of Kothyari et al.
(2007). The figure revealed that the majority of literature data of Pandey et al. (2014a) aligned
within the + 30% PAL, except for Patel & Kumar, Karimi, and Nasrollahi. Some data points from
Alasadi, Farshad, Pandey, Khassaf, and Lodhi fell within the +30% PAL range. Pandey et al.
(2014a) emerged as the most suitable data, while Patel and Kumar represented the least accurate
literature data. Consequently, this formula's application was deemed not appropriate for all data
types.

Similarly, in Fig. 8.6 and Fig. 8.9f, all data were analyzed using the equation of Yanmaz and
Kose (2007). The figure showed that the literature data of Pandey and Karimi fell within the £30%
PAL, except for Alasadi, Masood, and Khassaf. Some data points from Patel, Farshad, Ning,
Lodhi, and Nasrollahi fell within the + 30% PAL range. Pandey et al. (2019) and Karimi et al.
(2012a) emerged as the most fitting data, while Alasadi, Masood, and Khassaf represented the
least accurate literature data. Consequently, this formula's application was not appropriate for all
data types.

Similarly, in Fig. 8.7 and Fig. 8.9g, all data were analyzed using the equation of Coleman et
al. (2003). The figure indicated that the majority of literature data of Pandey et al., Ning et al.
(2019), and Karimi et al. (2012a, b) fell within the + 30% PAL, except for the data from Alasadi
et al. (2023) and Patel and Kumar (2023). Some data points from Farshad et al. (2022), Khassaf
and Abbas (2018), Lodhi et al. (2018, 2017), and Nasrollahi et al. (2008) fell within the £30%
PAL range. Ning et al. (2019) and Karimi et al. (2012a, b) emerged as the most fitting data, while
the literature data from Alasadi et al. (2023) and Patel and Kumar (2023) represented the least
accurate. Consequently, the application of this formula was deemed unsuitable for all types of data.

Similarly, in Fig. 8.8 and Fig. 8.9h, all data were analyzed using the equation of Oliveto and
Hager (2002). The figure indicated that the majority of literature data of Pandey et al. (2019) and
Karimi et al. (2012a, b) fell within the £30% PAL, except for the remaining literature data. Some
data points from Pandey et al. (2020) and Khassaf and Abbas (2018) fell within the £30% PAL
range. Pandey et al. (2019) emerged as the most fitting data, while the majority of the remaining
literature data represented the least accurate data. Consequently, this formula's application was not
appropriate for all data types.
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8.2 Findings and Interpretations

The findings reveal a novel temporal scour depth formula developed for spur dikes, followed by
rigorous validation against existing empirical formulas. Statistical analysis assigns weightage to
indicators (R?, RMSE, NSE and MBE), illuminating the influence of each formula, including the
newly developed one. Ultimately, a comprehensive ranking elucidates the superior performance
of the most promising formulas over the past two decades in predicting scour depths around spur
dikes. The details regarding the findings and interpretations are presented below.

8.2.1 New Formula Developed for Temporal Scour

Utilizing 932 data points out of 1670 data points, predictions are made regarding the time variation
of scour depth under clear water scour conditions (V/V. < 1). These findings serve as the basis for
discussing how flow and spur dike design parameters influence the temporal evolution of spur dike
scour depth. The study concludes by introducing a new predictive model for spur dike scour depth,
which outperforms previous literature equations. Graphs are utilized to depict the trend lines and
the significant correlations of these parameters with (ds/Lg)o.

0 400000 800000

-
n
(dsi/Lr)o

1 1.2 14 1.6

Fig. 8.10. Non-dimensional parameter graphs for 932 data points against (ds/Lr)o.

Here, in this study, a total of eight previously proposed formulas (Table 4.1) along with our newly
proposed formula (Eq. 8.1), to compute ds;, have been considered in terms of their performance
with 16 previous literature data. All data are taken with respect to the CWS condition.

o[ e T i o o

The CWS prediction formulas are presented in the following form of the product of the
individual parameter function. The scour function a; is estimated as 0.075 for the current study.
The separate effects of the Re and Fr are eliminated after applying the dimensionality reduction
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technique on the basis of the subset regression of the intra-parameter. The parameter functions are

represented by Egs. 8.2-8.7.
) i)
A 6
(GIGE

£ (1=0.010)" | = (1-0.010)*" (8.5)
d Iy J 0.659

fsl(z] “L—J .

fs [(O_)il } _ (0_)2.036 (8.7)

All the parameter functions considered in Eq. (8.1), are shown in Figs. 8.10 (a-f).

The parameter function of V?/Lgg has taken power relationship (Fig. 8.10 a). The V?/Lgg
graph illustrates the impact on the maximum dimensionless temporal scour depth (dst/Lr)
variation, indicating a clear increase in the ds/Lg ratio with rising V?/Lrg. The V?/Lrg
predominantly relies on approach velocity and particle size.

The dimensionless scour depth increases with respect to the increase of the flow intensity
(V/Ve) [Fig. 8.10(b)]. The parameter function of (V/V.) follows the power law.

The parameter function of dimensionless time (V#/Lr) has followed the power trend ([Fig.
8.10 (c)]. The Vt/Lr demonstrates a clear increase in temporal scour depth variation with higher
values of Vt/Lg.

Porosity (®) has a notable influence on temporal scour depth variation, with changes in
porosity [Fig. 8.10(d)], affecting sediment transport dynamics and consequently modifying scour
depth over time. it is demonstrated that the trend line exhibits of linear relationship.

Figure 8.10e depicts the impact of the ratio of approach flow depth to the reference length
of the spur dike on the dimensionless temporal scour depth variation. This ratio, known as flow
shallowness (Lanca et al., 2013), affects scour depth, with temporal scour depth increasing as flow
shallowness rises, particularly noticeable for smaller spur dike reference lengths. The trend of the
parameter function of the d/Lr plot is followed as a linear relationship.

The parameter function o (Fig. 8.10f) is represented by the power relationship trend, exerts
a notable influence on temporal scour depth variation, reflecting the variability in sediment particle
sizes. Higher standard deviations indicate a wider range of particle sizes, potentially leading to
increased scour depth fluctuations over time.
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8.2.2 Comparison of New and Literature Formulas Using Statistical Measures

A total of 932 test data were gathered from various literature sources for local bed scour (V/V.<1).
From this pool, 728 data points (80% of the total) were randomly selected for constructing a
regression model, which employed both Gauss-Newton and Levenberg-Marquardt methods. The
remaining 204 data points (20%) were reserved for validating the regression model and comparing
it with other empirical equations found in the literatures.

The temporal variation of scour depth (d;) over time can be expressed as a function of several
parameters including p, v, g, d, V, Dso, ps, Ve, I, H, h, O, @, Re, Fq, 0, W, and ¢. To simplify the
analysis, dimensional analysis was conducted resulting in non-dimensional parameters such as
LrV/, VZ/LRg, d/Lr, Dso/Lr, ps/p, V/Ve, H/Lr, h/Lg, 6, @, W/Lg, o, and Vit/Lg.

Moreover, 13 dimensional reduction methods were explored, among which the Subset
regression method was deemed optimal. Non-dimensional parameters including V?/Lrg, d/Lx,
Dso/Lr, V/Ve, H/Lr, W/Lr, @, o, and Vit/Lr were identified for developing the regression model.
Various nonlinear regression models were then formulated, leading to the final equation (Eq. 8.8)
for estimating time-dependent scour depth.

d V2 —-0.144 V 1.930 Vt 0.188 d 0.659
et (0.075)( j (—] (—J (1-0.010)*"” (—j (o) (8.8)
Ly Lg Ve Ly Ly

Table 8.1. Comparison between training and testing data.

COMPARE R?! RMSE NSE MBE  Pin Pin Pin
(10%) (20%) (30%)
Training 0.84  0.13 096  0.003 3626 6291 77.06
Validation ~ 0.83  0.13 096  -0.020 3626 67.65 77.94

Figures 8.11, 8.12 and 8.13 show good agreement between the measured and developed regression
model in training and validation. The coefficient of determination for the training and validation
of the model are R?>=0.84 and R*=0.83 respectively (Table 8.1). This figure indicates that almost
100% of the validation data are confined to +£10%,20% and 30% limits. Therefore, Eq. (8.8) is a
practical and simple equation which can be used with high accuracy.

2 o s 7 2 ’
s ’ , = X ’ ,’
{4 o’ 7, {x O Testing 2,7,
= L ”I i ’I ,”I
» S k) ‘,
15 12 ¢ 15 4o .,

® )
0.5 - ~ Present Study : Present Study
(da/Lr)o (def/Lr)o
O v T v T ' T ' T T bl
0 0.5 1 15 2 15 2

Fig. 8.11. Comparison between training and testing data for (+10% perfect agreement line, PAL).
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Fig. 8.13. Comparision between training and testing data for (+ 30% PAL).

Based on Figures 8.11, 8.12, and 8.13, there is a noticeable inconsistency between the
observed and calculated data, particularly at both low and high values of dy/Lr. This discrepancy
becomes apparent due to the exclusion of these parameters from the regression model (Eq. 8.8),
leading to the observed mismatch between the observed and calculated data.

The accuracies of eight such formulas and the present study are checked graphically along
with consideration of various statistical parameters. The formulas are checked not only with the
direct statistical measures but with the weighting criteria of all the statistical measures assigned to
them with the different weighting criteria mentioned in the discussion. Figs. (8.14, 8.16 and 8.18)
show the £10%, +20%, and +30% deviation from the line of the perfect fit between the observed
and predicted normalized d.

In Figures 8.14, 8.16 and 8.18, the X axis represents the dimensionless observed scour depth
(ds/Lr)o and the Y axis represents the dimensionless computed scour depth (ds/Lz).. The ds: data
were taken either from the graphs in the same literature or directly from research groups who used
other researchers’ dy; data. As the data were extracted from the given figures from their respective
literatures it may differ little from the original d data. It may slightly differ in original the time
step also.

The non-linear regression models which are developed in this study and empirical equations
were compared using validation data. First, the regression model (932 data) in the present study
was compared with other empirical equations. The results are shown in Table 8.2. According to
Table 8.2, the Nasrollahi et al. (2008) equation provides a better coefficient of determination
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(R?=0.57) than other literature equations. Similarly, the Coleman et al. (2003) equation provides
better root mean square error (RMSE=0.30), better Nash-Sutcliffe efficiency (NSE=0.30), and
better mean bias error (MBE=0.170) than other literature equations. According to Table 8.2, at
10% and 20% perfect agreement lines, the Yanmaz and Kose (2007) equation provides a better
percentage in (P = 20.92, 38.95) respectively than other literature equations. Similarly, the
Coleman et al. (2003) equation provides a better % in for a 30% perfect agreement line (Pin =
49.68) than other literature equations. The regression equation developed in this study, improved
the results (R?=0.84, RMSE=0.13, NSE=0.86, MBE=0.003, Py (10%)=37.45, Pix (20%)=64.27, Pin
30% =78.43). The comparison of literature equations and Eq. (8.4) is shown in Figs. 8.14, 8.16
and 8.18. Scattering of the calculated time variation of scour depth data (Figs. 8.14, 8.16 and 8.18)
indicates that the models that were developed may not provide suitable results for spur dikes.
Equation (8.4) has a better agreement with observed data than other empirical equations.

Figures 8.15, 8.17, and 8.19 depict the numerical formulas for scour depth estimation derived
from nine literature formulas plotted against computed versus measured normalized scour depth.
In Figure 8.15, the Present study satisfies a maximum of 37.45% of d,; data, whereas Pandey et al.
(2020) satisfy a minimum of 2.68% for a 10% error band, encompassing all literature formulas.
Similarly, in Figure 8.17, the Present study satisfies a maximum of 64.27% of d data, with a
minimum of 5.90% of d,; data being satisfied by Pandey et al. (2020) for a 20% error band,
considering all literature formulas. Additionally, in Figure 8.19, the Present study satisfies a
maximum of 78.43% of dy; data, while Pandey et al. (2020) satisfy a minimum of 13.52% for a
30% error band, encompassing all literature formulas. In Figures 8.15, 8.17, and 8.19, it is evident
that the equation proposed in the Present study exhibits superior agreement with observed data
compared to other empirical equations, while Pandey et al. (2020) demonstrate the poorest
agreement with observed data among the empirical equations.

Table 8.2. Comparison between various models to predict time variation of scour depth.

Prediction Model R? RMSE NSE MBE Pin Pin Pin
(10%) (20%) (30%)
Present Study 0.84 0.13 0.86 0.003 37.45 64.27 78.43

Yanmaz and kose
(2007)

Coleman et al. (2003) 0.51 0.30 0.30 0.170  20.06 36.70  49.68
Karami et al.(2012b) 0.49 0.31 0.26 0.190  20.82 3444  45.06

0.08 0.45 -0.54 0.200 20.92 38.95 46.89

Nasrollahi et al.
(2008)

Karami et al.(2012a) 0.54 0.32 0.19 0.230 17.81 32.83 41.52

0.57 0.32 0.21 0.230 16.74 33.15 41.20

Oliveto and Hager

022 061  -1.89 0490 1245 2425 29.18
(2002)

Kothyari et al. (2007) 0.31 0.42 -0.33 0.220 10.62 22.10 34.87
Pandey et al. (2020) 0.06 1.08 -7.98 0.830 2.68 5.90 13.52
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8.2.3 Weightage and Ranking of Formulas

The assessment and prioritization of literature formulas and newly derived formula for predicting
temporal scour depth employ various decision-making techniques like CRITIC, Entropy, and AHP.
CRITIC (Criteria Importance Through Intercriteria Correlation) evaluates criteria consistency and
significance, while Entropy quantifies decision-making uncertainty. AHP (Analytic Hierarchy
Process) facilitates the prioritization of criteria through pairwise comparisons. Subsequently,
PROMETHEE (Preference Ranking Organization Method for Enrichment Evaluations) and
TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution) methods are employed
for ranking to determine the most effective formula for temporal scour depth prediction at spur
dike.

8.2.3.1 Weight Criteria Technique

In multi-objective optimization (MOO) problems, importance weights are assigned, usually
indistinguishable. However, in recent years, experts and researchers studying MOO issues have
given much thought to weighting strategies. To assign relevance weights to responses in MOO,
(Kumar et al. (2021) proposed different strategies. The performance of a formula cannot be
controlled by any single benefit or cost criterion, evaluating all weighting criteria procedures at
once is key to determining the significance of the various weighting criteria. Consequently, the
weighting criteria for each indicator in the current study are determined using three different
methods: (i) CRITIC, (ii) Entropy and (iii) AHP.

CRITIC Method

This method is based on how strongly the decision matrix’s columns are correlated Diakoulaki et
al. (1995). Following are the steps to calculate the indicators’ weights.

Step 1. The decision matrix and normalized matrix are calculated using Eqgs. (8.9) and (8.10),
respectively.

le le . le
Z, . . Zy|, ._
[Z,.J.]m:. o (i=1,2,....,k and j=1,2,...,]) (8.9)
Zkl Zk2 . Zkl
_ Zij_ijmaX

(8.10)

/A Zijmax _Zijmin

where Z; presents the performance value of ith alternative on the j criterion.

Step I1. The weight criteria are calculated using Eqgs. (8.11) and (8.12),
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Q,=SD, Y(1-R,) (8.11)

W, =— (8.12)

where Rj is the CC between two criteria, and Qj is the quantity of information contained in j
criteria.

Entropy Weight Method (EWM)

The informational entropy concept and its theory have been applied before in statistical mechanics,
information theory, hydrology, and water resources (e.g., Jaynes, 1957; Chiu,1987; Fiorentino et
al., 1993; Singh, 2010, 2014; Moramarco et al., 2013), providing good results and an easy way to
introduce probabilities into hydraulics. Informational entropy, Shannon entropy or simple entropy
is defined in terms of probability. Taking into account the continuous random variable X, entropy
is defined as (Eq. 8.13).

O(X)=-[ f(X)In f(X)dX = E[~In £(X)] (8.13)

in which ®(X) is the entropy, f{X) is the probability density function of X, and £ [ ] denotes
expectation.

In this method, m indicators and n samples are set in the evaluation, and the measured value
of the ith indicator in the j* sample is recorded as xij.

The first step is the standardization of measured values (Li et al., 2012; Gorgij et al., 2017).
The standardized value of the ith index in the jth sample is denoted as Py, and its calculation
method is as follows (Eq. 8.14):

X, (8.14)

= n
>,
Jj=1

In the EWM, the entropy value E; (Eq. 8.15) of the ith index is defined as (Dong et al., 2018)

i

n

> Pnp,

E = (8.15)
Inn

In the actual evaluation using the EWM, P;; - In P; = 0 is generally set when P; = 0 for the
convenience of calculation. The range of entropy value £; is [0, 1]. The larger the £; is, the greater
the differentiation degree of index i is, and more information can be derived. Hence, higher weight
should be given to the index. therefore, in the EWM, the calculation method of weight w; is (Liu
et al., 2010; Amiri et al., 2014) (Eq. 8.16)

1-E,
W, =—— (8.16)

> (1-E)
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Analytic Hierarchy Process (AHP)

Research written by Ling Yu says that the use of the Analytical Hierarchy Process (AHP) can
provide optimal value, calculation formula and statistical data of each index, and even in the
processing of qualitative index, also provide quantitative transformation method, sequentially to
realize index evaluation of scientific, fairness and maneuver (Yu, 2016). The AHP is a decision
support model developed by Thomas L. Saaty of the University of Pittsburg (Yu et al., 2017). AHP
is the method for making the best decision when the decision maker has many criteria ([Ran, 2011).
Stages in the AHP are as follows (Xu et al., 2017):

Step 1. Determine the problem then set the solution and compile the hierarchy of problems
encountered;

Step 2. Define the criteria weight by comparing in pairs each criterion. This comparing
process uses the priority scheme described in Table 8.3 (Morgan, 2017).

Table 8.3. Table of priority scheme.

Intensity of Information Description
Interest

1 Both elements are just as Two elements have the same effect on a goal
important

3 One element is slightly more Experience and judgment support a little more
important than the other than other elements

5 One element is more important ~ Experience and judgment are very strong in
than the other favor of one element over the other

7 One element is clearly more One of the strongest elements is preserved
important than any other and dominant in practice
element

9 One of the most important Evidence favors a task in relation to another

elements of the other elements ~ with the highest degree of reliability

2,4,6,8 Values between two adjacent This value is given when there are two
consideration values compromises between two options
Inverse If activity “7” gets one number over activity *”, then *4” has its opposite value

than “7”

Step 3. Perform normalization on a pairwise comparison matrix by summing the value of
each matched pair matrix column and then dividing each value from the column with the sum of
the corresponding columns to obtain the normalization of the matrix (Eq. 8.17).

a, =—= (8.17)
Xlk

M=

1
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Step 4. Calculate the weight of synthesis by summing each column in the same row from
the comparison normalization result of the matrix (Eq. 8.18).

> column = (k +k, +ky +...+k,) (8.18)

Step 5. Calculate the eigenvalues by multiplying each of the matched matrix columns in the

same row, then being lifted by an existing criterion number (Eq. 8.19).
1

A = (kb xk,x..xk, )" (8.19)

Step 6. Calculate the priority weight of each criterion by means of the eigenvalues for each
criterion divided by the total number of eigenvalues.

Step 7. Calculate the importance of each criterion by dividing the weight of synthesis by
priority weight.

Step 8. Calculate the maximum eigen value (Amax) by dividing the total number of
importance values by the number of criteria.

Step 9. Measure the consistency of use to ensure that judgment for decision making is of
high consistency (Eq. 8.20).

cr = Pom =1 (8.20)
n
where : CI = consistency Index Amax = maximum eigenvalue, n» = number of elements.

Step 10. Check consistency in the hierarchy provided that if the consistency ratio (CI/ IR) is
less than or equal to 0.1 then the result of the calculation (Eq. 8.21).1s declared true (Aldrin et al.,
2016). IR values can be seen in Table 8.4.

e
IR
where : CR = consistency ratio, CI= consistency index, and IR = index random consistency

CR (8.21)

Table 8.4. Index random consistency.

Matrix 1 2 3 4 5 6 7 8 9 10 11 12

IR 0 0 058 09 1.12 124 132 141 145 149 151 1.48

In this study, multi-attribute has been used for multi-attribute decision making. These weights of
each attribute are found using (i) CRITIC, (ii) Entropy and (iii) AHP, shown in Figs. 8.19 (a), (b)
and (c). respectively. The weights assigned to R2, RMSE, NSE & MBE differ across methods,
CRITIC method allocates 7%, 7%, 80% and 6% respectively, while the Entropy method assigns
8%, 5%, 76% and 5%, similarly, the AHP method distributes weights of 49%, 15%, 29% and 7%
to the same criteria. So, the weight ranges of four statistical performance indicators R, RMSE,
NSE and MBE using these four different weight criteria are 7-49%, 5—15%, 29-80%, and 6—11%,
respectively. The highest weight is carried by NSE and the lowest weight by MBE.
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Fig. 8.19. Weight of beneficial and unfavorable criteria highlighted in pie-charts for (a) CRITIC,
(b) Entropy and (c) AHP methods.

8.2.3.2 Ranking Criteria Technique

Ranking criteria techniques are systematic approaches employed in decision-making processes to
assess and prioritize alternatives based on multiple criteria or attributes. These techniques are
particularly useful when decision-makers need to evaluate options that involve trade-offs across
various factors, such as cost, quality, time, and risk. By quantifying and structuring the decision-
making process, ranking criteria techniques provide a methodical way to compare and select the
most preferred alternatives. The Ranking criteria for each researcher in the current study are
determined using two different methods: (i) PROMETHEE, and (ii) TOPSIS
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PROMETHEE

PROMETHEE (Preference Ranking Organization Method for Enrichment Evaluations) and its
variants, PROMETHEE I and PROMETHEE I, are multicriteria decision-making methods
developed by Brans and Vincke in the early 1980s. While both PROMETHEE 1 and
PROMETHEE II are based on the same fundamental principles, they differ in certain aspects of
their implementation and the way they handle preference modeling and aggregation.

Following are the steps for PROMETHEE II (Complete ranking) (Brans and Vincke, 1985) to
calculate the researchers’ rankings.

Step 1. Normalize the Evaluation matrix (decision matrix)
The evaluation matrix (decision matrix) is normalized by dividing each element by the sum
of'its column to ensure all criteria are on the same scale for fair comparison.
For Beneficial criteria (Eq. 8.22).
_ [ X, -min(X,)]
! [max(X, ;) —min(X, )J

(i=L2...m;j=12,..,n) (8.22)

For non-beneficial criteria (Eq. 8.23).

[max(XU)—Xij] . .
R; = - (i=12...,m;j=12,..,n) (8.23)
[max(XU ) —min(X, )]

Step 2. Calculate the evaluate differences of i alternative with respect to other alternatives

The differences in evaluation between the i alternative and other alternatives are computed
by subtracting the normalized evaluation values of the alternatives from each other, considering
each criterion separately.

Step 3. Calculate the preference function, P;(a, b)

The preference function P; (a, b) is computed for each pair of alternatives a and b based on
their differences in evaluation values. This function typically takes into account parameters such
as preference thresholds and shape functions to determine the degree of preference for one
alternative over another for each criterion j.

Condition: D(Ma — Mb) <0 , P] (a,b)=0, ifR,,j < ij

Condition: D(Ma — Mb) >0, Pj(a,b) =0, ifR[,j >Ry,

Step 4. Calculate the aggregated preference, II (a, b)

The aggregated preference I1 (a, b) between alternatives a and bis calculated by aggregating
the preference functions Pj(a, b) over all criteria j. This aggregation can be performed using
different methods such as the "outranking flow" approach, considering the net outranking flows
between alternatives (Eq. 8.24).
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3w, P (ab)
1§ (0 F = — (8.24)

2w
j1

Step 5. Determine the leaving and the entering outranking flows

The leaving outranking flow for each alternative is determined by summing the aggregated
preferences over all alternatives that are outranked by it. The entering outranking flow is similarly
determined by summing the aggregated preferences over all alternatives that outrank it.

Leaving (positive) flow for a™ alternative, i * (Eq. 8.25).

1 m
y'=——> Tl(a,b),(a#b) (8.25)
m _1 b=1
Entering (negative) flow for a'® alternative, 1~ (Eq. 8.26).
1 m
y =——Y TI(b,a),(a#b) (8.26)
m—=1%5

Step 6. Calculate the net outranking flow for each alternative

The net outranking flow for each alternative is computed by subtracting the leaving
outranking flow from the entering outranking flow. This net outranking flow represents the overall
preference of each alternative relative to others (Eq. 8.27).

pla) =y (a)-y (a) (8.27)
Step 7. Determine the ranking of all the considered alternatives depending on the value of ¢
The ranking of alternatives is determined based on the values of the net outranking flow ¢(a).
Alternatives are ranked in descending order of their net outranking flow values, with higher values
indicating higher preference.
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Fig. 8.20. Ranking of all formulas by PROMETHEE using three different weightage methods (a)
CRITIC, (b) Entropy and (c) AHP.

TOPSIS

TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) is a multi-criteria
decision-making method that ranks alternatives by measuring their proximity to the ideal solution
while simultaneously minimizing their distance from the negative ideal solution. It balances
closeness to the ideal solution and remoteness from the negative ideal solution, providing a
comprehensive ranking of alternatives. The method was introduced by Hwang and Yoon, 1981,
and it has since been widely applied in various fields for decision-making under multiple criteria.
Following are the steps for TOPSIS to calculate the researchers’ rankings.

Step 1. Vector normalization for Normalized decision matrix
Normalize the decision matrix to bring all criteria to a common scale. This step ensures that
the criteria are comparable and not biased by differences in measurement units (Eq. 8.28).

_ X,
X, =——t

XX
j=1
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Step 2. Weighted Normalized decision matrix

Assign weights to each criterion based on their relative importance. These weights reflect
the preferences or priorities of decision-makers and are typically determined through expert
judgment or analytical methods.

Step 3. 1deal best and ideal worst for beneficial and non-beneficial criteria

Calculate the ideal solution and negative ideal solution for each criterion by identifying the
maximum and minimum values, respectively, for each criterion across all alternatives.
V;*=indicates the ideal (best) value
Vj=indicates the ideal (worst) value

Step 4. Euclidean distance from Ideal Best and Ideal Worst

Calculate the Euclidean distance between each alternative and both the ideal and negative
ideal solutions. This distance represents how far each alternative is from the ideal and negative
ideal solutions for each criterion. (Egs. 8.29 and 8.30).

0.5
For Ideal Best, S," = [Z(V‘ =V’ )} (8.29)
=l

m

0.5
For Ideal Worst, S, = {Z(VV -V )} (8.30)

J=1

Step 5. Relative Proximity

Determine the relative proximity of each alternative to the ideal and negative ideal solutions
by calculating the similarity measures. Typically, the closeness coefficient (Closeness to the Ideal
Solution) and the remoteness coefficient (Closeness to the Negative Ideal Solution) are computed.
Step 6. Performance score /TOPSIS Score

Calculate the TOPSIS score for each alternative by comparing its relative proximity to the
ideal and negative ideal solutions. The TOPSIS score is often determined by subtracting the
remoteness coefficient from the closeness coefficient (Eq. 8.31).

-
ST+S”

(8.31)

Step 7. Ranking
Rank the alternatives based on their TOPSIS scores. Alternatives with higher TOPSIS scores
are considered more favorable and are ranked higher.
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Fig. 8.21. Ranking of all formulas by TOPSIS using three different weightage methods (a)
CRITIC, (b) Entropy and (c) AHP.

8.2.4 Overall Discussion

Literature data of dy are analyzed to assess the accuracy of the computed d,; datasets by the
aforementioned nine formulas in terms of four statistical performance indicators R?, RMSE, NSE
and MBE using PROMETHEE and TOPSIS (MADM technique in a deterministic scenario).
Indicators’ weights are calculated by (i) CRITIC, (ii) Entropy and (iii)) AHP methods. Finally, a
group decision approaching is used to aggregate the ranking for each ds; computation formula
reported in the literatures. The results from the developed methodology are presented in the
following sections.

The results of four performance indicators, two of which are beneficial criteria and the rest
are unfavorable for the nine formulas for determining d, are shown in Tables 8.5 and 8.6. The Net
outranking flow (NORF) (V) values are used by PROMETHEE and the Performance Score (PS)
is used by TOPSIS to rank the di; datasets for each formula, with a higher ¥ and PS value
considered to indicate greater accuracy and vice versa. The NORF value is observed to vary
between 1.76 (first rank) and -6.42 (last rank) for the CRITIC method, 1.70 (first rank) and -6.15
(last rank) for the Entropy method, and 0.9966 (first rank) and -2.6982 (last rank) for the AHP
method throughout 9 formulas’ ranks. Similarly, The PS value is observed to vary between 1.00
(first rank) and 0 (last rank) for the CRITIC, Entropy method, and the AHP method throughout 9
formulas’ ranks. The weight distribution results of the three such methods are shown in Fig. 8.19.
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Using the formula derived from the present studys, it is found that within the 10% error band,
37.45% of data points lie which is the highest. The lowest data agreement has been found for
Pandey et al. (2020) (Table 8.2) with 2.68% of data points lying within the 10% error band.
Similarly, it is also found that within the 20% error band, 64.27 % of data points lie which is the
highest. The lowest data agreement has been found for Pandey et al. (2020) (Table 8.2) with 5.90%
of data points lying within the 20% error band. Again, it is found that within the 30% error band,
78.43% of data points lie which is the highest. The lowest data agreement has been found for
Pandey et al. (2020) (Table 8.2) with 13.52% of data points lying within the 30% error band. Using
PROMETHEE and TOPSIS, with the highest NORF and PS values, it has been also found that the
newly developed formula performed best based on the CRITIC, Entropy method and as well as
using the AHP method (Figs. 8.20 and 8.21), (Tables 8.5 and 8.6).

Among the 9 formulas accuracy of the Present Study formula is found highest by
PROMETHEE and TOPSIS (Fig. 8.20 and 8.21) respectively. The accuracy of Coleman et al.
(2003) formula is found close to the newly developed formula by PROMETHEE and TOPSIS, and
Nasrollahi et al. (2008) also close to the newly developed formula by taking the weight of AHP
using the TOPSIS method.

Among these nine ds/Lr formulas, the formula derived in the present study gives the best
accuracy as using the PROMETHEE and TOPSIS, all the beneficial and non-beneficial criteria are
found better than the other eight formulas. In the case of Coleman et al. (2003) formula, the
performance of the NORF value is found higher than the remaining seven formulas but the
performances of the PS values for AHP weight using TOPSIS are not good. That is why Coleman
et al. (2003) formula has been ranked just next after the present study formula on CRITIC, Entropy
& AHP weightage methods. Pandey et al. (2020) formula has the last rank by both of the weight
methods as well as the lowest agreement of data mainly due to negative NSE, very low R? and
very high RMSE and MBE. There is a large degree of concordance between (dy). and (d,), in the
formula derived in the current study. The main benefit of using the newly proposed formula is that
it did not need any presumption or calculations of ds., t. to compute ds.

Table 8.5. The ranking of the literature and the newly developed formula using PROMETHEE.

PROMETHEE Weightage method
CRITIC Entropy AHP

References NORF Ranking NORF Ranking NORF Ranking
Present study 1.76 1 1.70 1 1.00 1
Coleman et al. (2003) 1.20 2 1.15 2 0.54 2
Karami et al. (2012b) 1.16 3 1.11 3 0.54 5
Nasrollahi et al. (2008) 1.11 4 1.06 4 0.51 3
Karami et al.(2012a) 1.09 5 1.04 5 0.50 4
Kothyari et al. (2007) 0.59 6 0.56 6 0.16 6
Yanmaz and Kose (2007) 0.38 7 0.36 7 -0.07 7
Oliveto and Hager (2002) -0.86 8 -0.83 8 -0.47 8
Pandey et al. (2020) -6.42 9 -6.15 9 -2.70 9

Note: ‘NORF’-Net out ranking flow
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Table 8.6. The ranking of the literature and the newly developed formula using TOPSIS.

TOPSIS Weightage method
CRITIC Entropy AHP

References PS Ranking PS  Ranking PS  Ranking
Present Study 1.00 1 1.00 1 1.00 1
Coleman et al. (2003) 0.93 2 0.93 2 0.78 2
Karami et al. (2012b) 0.93 3 0.93 3 0.76 3
Nasrollahi et al. (2008) 0.92 4 0.92 4 0.75 4
Karami et al. (2012a) 0.92 5 0.92 5 0.73 5
Kothyari et al. (2007) 0.86 6 0.86 6 0.60 6
Yanmaz and Kose (2007) 0.84 7 0.83 7 0.50 7
Oliveto and Hager (2002) 0.69 8 0.68 8 0.48 8
Pandey et al. (2020) 0.00 9 0.00 9 0.00 9

Note: ‘PS’-Performance Score

8.2.5 Limitations of The Present Study

The comprehensive approach to analyzing and selecting the most promising temporal scour depth
formula for spur dikes in the study is acknowledged. Here are some potential limitations:

Data Quality and Availability: The accuracy and reliability of the results heavily rely on the
quality and availability of the data collected from various graphs and literature sources. If the data
is sparse, outdated, or inconsistent, it could introduce biases or errors in the analysis.

Assumptions and Simplifications: Dimensional analysis, subset regression, PCA, and other
dimensionality reduction techniques often rely on simplifying assumptions. These assumptions
may not always hold true in real-world scenarios, leading to potential inaccuracies in the results.

Generalizability: The findings of the study may be specific to the conditions, parameters,
and datasets used in the analysis. Extrapolating these findings to different geographical locations,
hydraulic conditions, or types of spur dikes may not be appropriate without further validation.

Weighting Methods: While weightage methods like CRITIC, ENTROPY, and AHP provide
a systematic way to assign importance to different factors, the subjective interpretation of these
weights could introduce bias into the analysis.

Ranking Methods: Techniques like TOPSIS and PROMETHEE are sensitive to the choice
of parameters and normalization methods. Small changes in these parameters could lead to
significantly different rankings, potentially affecting the selection of the most promising formula.
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Model Validation: It's crucial to validate the selected formula against independent datasets
or field measurements to assess its predictive accuracy and reliability. Failure to validate the
chosen formula could lead to misleading conclusions.

Publication Bias: The study's reliance on existing literature may introduce publication bias,
where only studies with positive or significant results are published, leading to an overestimation
of the effectiveness of certain formulas.

Temporal Dynamics: Since the study focuses on temporal scour depth formulas, it's essential
to consider the temporal variability of hydraulic conditions and scour processes. Failure to account
for temporal dynamics could limit the applicability of the selected formula over different time
scales.
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Chapter 9
Conclusive Remarks

9.1 Conclusions

To determine the temporal scour depth around a Spur Dike, several researchers have conducted a
series of studies in the vicinity of clear water scour and steady flow conditions. Several researchers
have used various numerical, simulation models, and semi-empirical approaches based on
sediment transport models to assess the depth of temporal scour (ds;) and proposed ds; prediction
formulas.

Among them, the 8 most promising formulas derived over the last twenty years along with
a newly derived formula have been considered in this study. The current study aims to identify the
best predictor among them when it comes to determining ds; most accurately. Experimental data
from 932 full temporal series provided by several research groups in the last 20 years are used to
establish the accuracy of these formulas. A comparative study is performed by analyzing each
formula with each set of experimental d,; data to verify the inter-correlation between observed and
computed values of d.

The formulas are taken and checked performances for ds prediction using four different
statistical performance indicators such as R?, RMSE, NSE and MBE. PROMETHEE and TOPSIS,
multi attribute decision-making techniques are used to check the rank of each computational model
to find the d.

The study remarks are given below

In general, the decisive dependent parameters are flow, bed sediment, Spur dike shape and
time or more specifically Reynolds number, Froude number, flow shallowness, sediment
coarseness, sediment uniformity coefficient and time. These are used in different combinations in
the aforementioned formulas for developing the computational model for finding d:.

It is observed that a minimum of 2.68% of dy data are satisfied by Pandey et al. (2020)’s
formula and a maximum of 37.45% of d, data are satisfied by the newly developed formula for a
10% error band.

It is also observed that a minimum of 5.90% of d; data are satisfied by Pandey et al. (2020)’s
formula and a maximum of 64.27% of d data are satisfied by the newly developed formula for
the 20% error band.

It is again also observed that a minimum of 13.52 % of dy data are satisfied by the Pandey
et al. (2020)’s formula and a maximum of 78.43% of d, data are satisfied by the newly developed
formula for the 30% error band.

The key ranking factor is 80% for NSE,7% for R?, 7% for RMSE and 6% for MBE for the
CRITIC method, and 76% for NSE,8% for R?, 5% for RMSE and 11% for MBE for the Entropy
method as well as 29% for NSE,49% for R?, 15% for RMSE and 7% for MBE for the AHP method
over 9 computational formulas. From this study, it is clear that the weight factors merely influence
the ranking of the dj prediction formulas.
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The study addresses that several d, prediction formulas were developed over time after 2002.
After the newly proposed formula, Coleman et al. (2003) remain the 2™ ranking formula for
calculating dy. The accuracy of Nasrollahi et al. (2008), and Karimi et al. (2012a, b) formula are
very close to it.

To make the ds prediction formula, the present study proposes a new formula following
Pandey et al. (2020) and others. Among all these formulas, the accuracy of the present formula is
found highest.

9.2 Future Scopes

The future scopes of this study present several exciting opportunities for advancement in the field
of predicting temporal scour depth for spur dikes

Data Exploration and Integration: Future research could focus on exploring and integrating
data from diverse sources beyond Scopus, Google Scholar, and Google. This could include
leveraging additional academic databases, field measurements, and experimental studies to enrich
the dataset and enhance the robustness of the analysis.

Refinement of Analytical Techniques: Further refinement and optimization of analytical
techniques such as dimensional analysis, subset regression, and PCA could improve the accuracy
and efficiency of scour depth prediction models. Exploring novel approaches and algorithms
tailored to the specific characteristics of scour processes could lead to more reliable predictions.

Validation and Comparison: Conducting rigorous validation and comparison studies to
evaluate the performance of the proposed new formula against existing literature formulas is
crucial. This involves assessing key metrics such as R? (coefficient of determination), RMSE (root
mean square error), NSE (Nash-Sutcliffe efficiency), MBE (mean bias error), and percentage error
to gauge the predictive accuracy and reliability of the formulas across different scenarios.

Integration of Weightage Methods: Integrating weightage methods such as CRITIC,
Entropy, and AHP can provide a structured framework for assigning importance to various criteria
and factors influencing scour depth prediction. Future research could explore the sensitivity of the
results to different weighting schemes and criteria, ensuring transparency and consistency in the
decision-making process.

Ranking Method Evaluation: Evaluating the effectiveness and robustness of ranking methods
such as TOPSIS and PROMETHEE is essential. Future studies could investigate the sensitivity of
rankings to variations in parameters and normalization techniques, as well as explore alternative
ranking approaches to ensure comprehensive and reliable results.

Uncertainty Analysis: Conducting uncertainty analysis to quantify and characterize
uncertainties associated with scour depth prediction models is critical. This involves assessing the
sensitivity of model outputs to input parameters, identifying sources of uncertainty, and providing
confidence intervals or probabilistic predictions to account for variability in predictions.

Practical Application and Implementation: Practical application and implementation of the
developed models and methods in real-world engineering practice is essential. Collaborations with
engineering firms, government agencies, and industry stakeholders can facilitate the deployment
of these tools in hydraulic infrastructure design, maintenance, and management.
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Continued Research Collaboration: Collaboration between researchers, practitioners, and
stakeholders is key to advancing the field of scour depth prediction for spur dikes. Continued
collaboration can foster knowledge exchange, data sharing, and interdisciplinary research efforts,

ultimately driving innovation and improving the resilience of hydraulic infrastructure.

9.3 Notations

Notation used in this study-

B = Abutment width (m)

D = Sand diameter (m)

d = Depth of flow (m)

dse = Equilibrium scour depth (m)

dsm = Maximum scour depth (m)

dst = Time dependent or instantaneous scour depth at time # (m)
Dsy = Median grain size (m)

D+ = Dso(Ag~?)'? Particle parameter

Fr = V/(gy)"? Froude number of flow

Fq = V /(AgDs0)"? Densimetric particle Froude number

Fgp = Densimetric particle Froude number for the inception of sediment movement
Fsm = (07'3. F4) Densimetric Froude number for a sediment mixture
g = Acceleration due to gravity (m/sec?)

H = Spur dike height (m)

h = Spur dike thickness (m)

L = Length of channel (m)

Lr = Reference length (m) = (d?)"?

[ = Spur dike length (m)

N = Shape co-efficient for spur dike

n = Number of spur dike (number)

0 = Discharge of flow (m?/sec)

Re = Reynolds number = VDso/v

Ry = Wy/(W+2d) Hydraulic radius (m)

So = Bed slope

Ss = Spacing of spur dike (m)

T = Non dimensionless time function = t6'*/(AgDs0)*> Lz

Ts = (tDso(AgDs0)"?)/ Dimensionless time parameter

t = Time taken to reach temporal scour depth (sec)

tp = Base time of hydrograph (sec)

te = Time taken to reach maximum or equilibrium scour depth (sec)
- = Time taken to reach maximum scour depth (sec)

V = Depth-averaged flow velocity (m/sec)

Ve = Critical flow velocity (m/sec)

Vi« = Shear velocity in (m/sec)

Ve = Critical shear velocity (m/sec)
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Width of channel (m)

= Depth of channel (m)

= Density of water (kg/m?)

= Sediment density (kg/m?)

(ps/ p -1) Relative density (dimensionless)

(Dsa/D16)° Sediment Gradation/Geometric Standard Deviation (dimensionless)

= Spur dike orientation angle (degree)

= Spur dike degree of permeability (degree)

= Dynamic viscosity (kg/m-.sec)

= Kinematic viscosity (m?*/sec)

= Shear stress (N/m?)

Te N Critical shear stress (N/m?)

O, = Shields formula
where D=>150; 6.=0.055
where 20 <D+<150; 6.=0.013 D«%%
where 10 <D+<20; 6.=0.04 D+06!
where 4 <D+<10; O.=0.14 D+
where D+<4; 6.=0.24 D!

e = (I/W) element obstruction/constriction ratio

N <R S QAD>D D
|
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