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Abstract

Any countermeasure of scouring around bridge piers is always a challenging issue.
Foundations are under constant threat from scouring, which can quietly compromise their
integrity over time. While completely preventing scouring is often economically unfeasible,
engineers can implement strategies to manage and mitigate its impact. Bridge collapses,
leading to fatalities, property damage, and halted transportation, highlight the need for bridge
designers to understand the interaction between soil, water movement, and bridge structures.
Existing literature indicates that the use of oblong shaped piers is advantageous in multiple
contexts. Though analysis of oblong piers with oblong collars around bend channels exists,
straight path analyses are unexplored substantially. Hence, the objective of the present work
is to analyse scour patterns around oblong piers using oblong collars under straight channels
and clear water conditions with uniform cohesionless bed material and steady flow conditions.
An experimental analysis is conducted on oblong piers with collars to investigate the
variations in scour depth over time and to determine the maximum scour depth. Specifically,
our investigation explores non-dimensional temporal scour depth around the oblong collar
fixed on the bed within a controlled flume environment. The experimental setup involved
varying the collar width to pier width and pier length to pier width ratios with 12 experiments
conducted in total. The temporal scour of the sand bed was measured, and equilibrium
conditions were identified when the scour rate dropped below 1 mm/hour. Multiple
parameters, including scour depth, width, length, area, and volume, were computed based on
the experimental data. For oblong piers without oblong collars, the study found that the
maximum scour depth occurred at the upstream of pier (0°). This indicates that without oblong
collars, scour is more pronounced directly in front of the pier. In contrast, for piers equipped
with collars, the maximum scour typically shifted to the downstream of the oblong pier
(135°). The scour depths varied with the collar width to pier width ratio (W/D). As the L/D
ratio increases, scour depth decreases notably without a collar. The presence of critical L/D
ratios that minimize scour depth for different W/D ratios. For W/D ratios ranging from 1.5 to
3.5, these critical L/D ratios are noted for both L/D ratios of 2 and 4. These findings suggest
that collars significantly alter the flow patterns around oblong piers, reducing the maximum
scour depth and changing its location around the oblong pier circumference. This highlights
the importance of considering both the width of the collar and the length-to-width ratio of the
pier when designing bridge foundations to manage sediment transport effectively. The
development of a governing equation for predicting temporal scour depth, validated by
observed temporal scour depth. This non-dimensional equation may be utilized to estimate
scour depth accurately in real-world scenarios, aiding in the design and maintenance of safer
bridge structures. This contributes to the broader field by offering empirical data and
predictive capabilities to better manage the risks associated with scouring around oblong
bridge pier with oblong collars.
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Chapter 1

Introduction

The failure of bridge piers due to the onset of scouring around them is a prevalent occurrence
in bridges constructed over rivers, streams, and waterways worldwide. The presence of
scouring imposes significant repair costs year-round on a global scale. According to Hamill
(1999) and Melville and Coleman (2000), the erosive force of flowing water stands as the
primary catalyst for scouring around bridge piers. Shirhole and Holt (1991) reported that
approximately 1000 bridges in the United States collapsed over a 30-year period, with 60%
of these failures attributed to scouring. Huber (1991) noted that in the United States, over the
past 75 years, approximately 500 bridges failed, with the majority succumbing to scour-
related issues. Similarly, in India, a considerable number of bridges have failed due to
scouring (Thakkar, 1992). A study conducted by the Federal Highway Administration
(FHWA) found that out of 383 bridge failures resulting from floods, 25% involved damage to
piers, while the majority (72%) incurred damage to abutments Chang (1973). This
underscores the critical importance of addressing local scour around bridge piers, as
emphasized by Brice and Blodgett (1978).

The phenomena of erosion and corrosion are inherent in alluvial materials, though even
deeply weathered rock can be susceptible to such incidents. Foundations are under constant
threat from scouring, which can quietly compromise their integrity over time. While
completely preventing scouring is often economically unfeasible, engineers can implement
strategies to manage and mitigate its impact. These strategies draw from both controlled
laboratory studies and practical experiences, encompassing both successful interventions and
failures. However, despite extensive research efforts, a universally accepted method for
analyzing scour around foundations remains elusive, and discrepancies in findings between
studies are not uncommon.

Protecting bridge piers from erosion and ensuring adequate foundation depth can incur
substantial costs. For instance, at the Varanasi Ganga River bridge on the Amnagar-
Mugalsarai Bypass, estimates placed the maximum scour depth at an astonishing 60 meters
below the highest flood level Thakkar (1992). To address this challenge, India employs the
Lacey-Inglis method for estimating equilibrium scour depth, a method recommended by both
the Indian Railways and the Indian Road Congress. The Federal Highway Administration
(FHWA) study highlighted the significant impact of pier damage, with 25% of flood-induced
bridge failures attributed to it Chang (1973). Furthermore, Brice and Blodgett (1978)
underscored the importance of addressing local scour at bridge piers, considering it as critical
as abutment scour. The annual direct cost, including repair and replacement expenses, of flood
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damage to highways in the USA has been estimated to reach 50 million USD Lagasse et al.
(1991).

For decades, various methods have been employed to reduce and regulate the depth of
scouring around bridge piers. These methods include techniques such as slotting (Chiew,
1992; Kumar et al., 1999), air injection (Tipireddy and Barkdoll, 2018), sacrificial piles
(Melville and Hadfield, 1999), pier angle adjustments (Vaghefi et al., 2016), riprap placement
(Lauchlan and Melville, 2001), submerged vanes (Ghorbani and Kells, 2008), raft foundations
(Vijayasree et al., 2018), modifying pier shapes (Fael et al., 2016), and reinforcing soil with
geotextiles (Imamzadehei et al., 2016), among others. The study on isolated pier scour depth
computation formula was conducted by Nandi and Das (20236), Nandi et al. (2024a) and
Nandi et al. (2024b). The study of eccentric multiple piers was 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, 2023a). The flow characteristic near the pier has been studied
by Das et al. (2013), Das et al. (2014c), Das et al. (2017), and Das et al. (2019).

It should be noted that the use of collars around piers stands as one of the most effective
and widely employed methods for reducing scour. Collars serve as a common countermeasure
aimed at protecting bridge piers from local scour. When installed, collars prompt the
formation of the scour hole downstream of the pier, gradually mitigating its impact. Masjedi
et al. (2010), Khosravinia et al. (2018), Kumcu et al. (2014), and Virender et al. (1999) assert
that collars effectively decrease local erosion and safeguard bridges against scour-related
failures. Altering bridge piers can notably diminish local scour by reducing both streamwise
and downward water velocities around the pier. According to Jahangirzadeh et al. (2014),
piers equipped with collars can substantially curtail scour development. Over the decades,
numerous researchers have advocated for the use of collars, including Heidarpour et al.
(2010), Saadati et al. (2017), Grimaldi et al. (2009), Chen et al. (2018), Mashahir and Zarrati
(2002), and Zarrati et al. (2004), as a means to mitigate scour hole formation around bridge
piers.

1.1Definition of scours

Scouring in rivers or streams is a natural or man-made phenomenon generated by the flow of
water through the passage of a river due to the presence of natural or artificial obstructions,
such as hydraulic structures. It occurs at the riverbed due to the corrosion and erosion of
sediment. Rivers naturally scour their beds as they change shape, and human-built structures
can also trigger or influence scour. Additionally, it is caused by the erosive action of flowing
water in rivers or streams, which dissolves and removes material from the streambed and
banks. Areas around bridge piers and abutments are particularly susceptible to scour.

In some rivers scour has little effect during a flood, while others face dramatic changes
deepening of their beds This difference depends on how confined the floodwater is. When
floodwaters are trapped by the surrounding landscape, they cause significant changes in both
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the water level and the riverbed elevation. In contrast, floods that can easily spill out onto flat
floodplains have minimal impact on both. On the other hand, human activities can also alter
the supply of sediment or the transportation of sediments in a river so as to produce extensive
modification of the river bed.

For thousands of years, rivers have carved out valleys, showing the power of nature.
Human activity barely affected rivers for a long time. But recently, we've built a lot of
structures in and around rivers. These structures change how water flows and how much sand
and rocks the river carries. Unfortunately, most structures cause erosion nearby and mess up
the healthy balance of the river environment. Therefore, it is crucial for designers to
understand riverbed scour and its consequences several factors contribute to scour around
bridges, i.e., depth of water, velocity of water, pier width, collar width, Froude number, and
riverbed materials.

Scour weakens the bridge pier base and can cause it to collapse. Bridge foundations can
be washed away by fast-moving water, making bridges unsafe. To ensure bridge safety,
engineers must consider the risk of scour while designing the piers of the bridge.

1.2Classification of scour

Rivers naturally experience scour in their beds over time, even without anything built in them.
Buildings and other things in the river can also make the scour worse. There are two main
types of scours, i.e., general scour and local scour. It is to be mentioned that the general scour
affects a large area of the riverbed, and local scour happens around specific structures like
bridge piers. The scour can be further categorized based on specific flow conditions. The
specifications are presented in detail in Fig. 1.1.

1.2.1 General Scour

Rivers naturally widen and deepen their channels over time and the phenomenon is called
general scour. General scour happens when a river can carry more sediment than usual. This
can be caused by strong floodwaters or man-made alternations. Some examples of the general
scour are presented by Simons and Sentiirk (1977) and Jansen (1979). The examples are
presented below.

e Erosion downstream of reservoirs resulting from the interception of sediment.

e Water transfers from one river to another, leading to changes in the sediment carrying
capacities of both rivers.

e Sand and gravel mining in rivers and flood plains.

e Meander cutoffs.

e Reduction in effective boundary roughness and cross-section due to channel regulation.
This type of scour is a response to the flow regime and would occur regardless of
whether a structure like a bridge is built.
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Fig. 1.1. Types of scour.

1.2.2 Localized Scour

a) Local scour is a specific type of erosion that occurs around structures placed in a river, such
as bridge piers. It is caused by the direct impact of flowing water striking the structure. The
type of structure, whether wide or narrow, can influence the extent of local scour. This local
scour exacerbates general erosion and any constriction scour caused by narrowing the river.

b) Bridges can constrict a river channel, increasing water flow velocity. This accelerated
flow excavates a deeper scour in the riverbed, known as constriction scour.

¢) Clear-water scour occurs when the riverbed upstream of a structure is stable with no
loose material. The water flowing over the stable riverbed lacks sufficient force to transport
sediment. Thus, the shear stresses on the bed at a certain distance from the bridge pier do not
exceed the critical or threshold shear stress for particle movement. As illustrated in Fig. 1.2,
in clear-water conditions, scouring initially occurs rapidly. However, the scour depth
eventually reaches an equilibrium limit, and the rate of scouring diminishes. The maximum
depth of the scour hole is directly proportional to the shear stresses acting on the bed material.
In clear-water conditions, this maximum depth is approached asymptotically over time.
Consequently, defining an equilibrium time for scour is necessary.

d) Live-bed scour, also referred to as scour with bed material sediment transport, occurs
when the flow induces a general movement of the bed material. That is, the shear stresses on
the bed are generally greater than the critical ones. Equilibrium scour depths are reached when
the amount of material removed from the scour hole by the flow equals the amount of material
supplied to the scour hole from upstream.

25



Equilibrium depth for clear water

qilibrium depth

Depth of
for live bed

scour =
Live bed scour

Clear water scour

-
Time scale

Fig. 1.2. Temporal variation of scour depth in clear water and live bed conditions based on
Raudkivi (1998).

The characteristics of scour depth variation over time for live bed conditions are
presented in Fig. 1.2 (Raudkivi 1998). The figure indicates that in live-bed conditions, the
depth of the scour hole increases rapidly initially, with a higher slope of increment compared
to the clear water condition. However, after a critical depth, the depth of scouring shows
fluctuating changes with time. A mean average depth for that fluctuating depth is considered
and that is called equilibrium depth of scouring for life bed condition. Another observation is
that the equilibrium or final depth of local scour is reached quickly in live-bed conditions,
whereas it occurs more gradually in clear-water conditions (Melville and Coleman, 2000).

1.3 Flow pattern and mechanism of scouring

The scour mechanism around a bridge pier is an intricate three-dimensional process. It mainly
occurs due to the fluid structure interactions and formation of anisotropic turbulence and
vortex structure around the bridge pier. The scour around the pier is the erosion of the
streambed near the pier foundation due to the inception of a complex vortices system. This
system consists of a horseshoe vortex initiated from the down flow at the upstream face of
the pier, and wake vortices at the downstream of the pier (Breusers and Raudkivi 1991).

1.3.1 Primary or horseshoe vortex and downflow

When water flows past an oblong pier, it creates a three-dimensional separation, forming a
vortex system known as a horseshoe vortex or primary vortex. The horseshoe vortex is
presented in Figs. 1.3 and 1.4. This vortex develops in front of the pier and is carried
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downstream by the river flow. This vortex looks like a horseshoe when viewed from the top
of the pier. The presence of this vortex increases shear stress, leading to higher sediment
transport capacity and the formation of a deep scour hole around the pier. This altered flow
pattern reduces the shear stress downstream, affecting sediment transport capacity. The extent
and depth of scour at bridge elements depend largely on flow characteristics, pier design, and
river-bed material. The formation of the horseshoe vortex and associated downward flow
creates scour around the circular pier, non-circular pier, abutment, and spur dike etc. These
vortices, modified by the upstream pier, affect scouring around the downstream pier. They
remove sediment from the upstream pier and deposit some of it into the scour hole around the
downstream pier. The horseshoe vortex in front of the pier is identified as the main cause of
scour, as noted by Kothyari et al. (1992 a, b), who suggest a layer-by-layer scouring process,
as mentioned by Dey (1999). Tseng et al. (2000) further describe a downflow near the
upstream face of the pier, which merges with the separated flow to form the stretched

horseshoe vortex around the pier.
Oblong pier /

Downflow

/\"”

=
R
%(Scour hole
Horseshoe\vortex

Fig. 1.3. Schematic diagram of flow pattern around the oblong pier.

Wave vortex

\u)x)g(

The flow characteristics around a pier attached to collar plates are shown in Fig. 1.5.
The figure indicates that the collar acts as a barrier to the horseshoe vortex, preventing direct
impact and downflow from reaching the sediment bed (Fig. 1.5).
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Fig. 1.4. Scour mechanism around oblong bridge pier fitted without collar plate.
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Fig. 1.5. Scour mechanism around oblong bridge pier fitted with collar plate.

1.3.2 Wake vortex

A wake vortex emerges on the downstream side of the piers due to flow separation at the pier's
sides. The occurrence of wake vortex is presented in Fig. 1.3. Raudkivi (1986) described these
vortices as cast-off vortices and these have vertical axes. A vortex forms on one side detaches
and moves downstream. Soon after, another vortex forms on the opposite side and eventually
sheds as well. The wake vortices gradually dissolve as they move downstream. While wake
vortex scour at the downstream of the pier poses minimal or no destructive potential,
horseshoe vortex scour occurring at the pier face poses a threat to undermine the pier. At the
majority of bridges, wake vortex scour is minimal, and confluence scour is absent.
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Therefore, there is a need for a comprehensive plan of action to address the impacts of
scour, and to consider innovative, effective, and cost-efficient countermeasures for designing
new bridges and rehabilitating or replacing existing ones affected by scour. Given that collars
offer a promising solution for reducing scour around piers, the present thesis work analyzes
an effective type of pier geometry with a collar. It is worth noting that circular piers are
commonly used in both literature and practical applications. However, this study specifically
focuses on experimentally analyzing different pier shapes with collars, excluding the circular
ones. The next chapter will provide a detailed literature review centered on this objective.
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Chapter 2

Literature review

In this chapter, a comprehensive literature review is conducted on existing experimental and
numerical studies concerning noncircular piers with collars. The open literature illustrates that
numerous researchers have conducted both experimental and numerical investigations to
comprehend scour patterns at bridge piers and abutments. Many studies have been undertaken
to predict scour, resulting in the development of numerous equations by various researchers.
The findings of these researchers are discussed in the subsequent sections of the chapter.

Bhattacharya et al. (2003) studied the reduction of local scour around non-cylindrical
bridge piers with collars at high angles of attack. The main objective of this study was to
investigate the effect of a collar on the reduction of maximum local scour depth around a non-
cylindrical bridge pier. The authors considered various angles of attack and different
elevations of collar along the pier, conditions for minimum scour were found by
experimentations. They attempted to modify the equation of Dey (1997) to more accurately
determine the maximum depth of scour around a non-cylindrical pier by introducing two new
functions to the equation of Dey (1997) for a cylindrical bridge pier. The authors concluded
that with the increase in collar height, the scour depth decreased. The authors also concluded
that the variation of scour reduction with angle of attack was non-linear but there was no fixed
pattern of variation.

Mashahir et al. (2004) studied experimentally, the time development of scouring around
a circular and a rectangular pier protected by a collar. The authors used a collar that was 3
times wider than the pier diameter for a circular pier and the pier width for a rectangular pier.
They used the collars at the streambed level. The authors investigated the effect of collars on
the time development of scouring considerably. They investigated that for clear water
conditions, the scouring around an unprotected pier developed very fast initially. However,
the rate of scouring was reduced due to deeper scour holes later. They also found out that in
the circular pier, unlike the unprotected pier the rate of scouring at the upstream face of the
pier, was considerably low for the initial 30 hours and it increased again. However, for the
rectangular pier, there was no sign of scouring for the upstream of the pier up to 52 hours of
flow. In this case, there was a very slow development of scouring at two sides of the collar.
Finally, the authors concluded that the use of a rectangular collar was more effective on a
rectangular pier compared to a circular pier. The authors also concluded that the collar more
effectively slowed down the development of scour than a wider foundation with a similar
width and elevation.
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Zarrati et al. (2004) carried out different experimental studies to investigate the methods
to control scouring around bridge piers. They used different structures for scour reduction i.e.,
riprap, collars, slots through the pier, and a group of small piles in front of the rectangular
pier, etc. The experiments were carried out for the sediment motion with piers aligned and
skewed at the angles, 5° and 10°, respectively, to the flow, and with collars of different widths
and at various elevations. They observed that the wider collars at lower levels were more
effective. The authors also noticed that the effectiveness of collars was reduced by the
increasing angle of the skewness of the pier. They noticed a maximum reduction of scouring
of 74%, 56%, and 35% for a collar with a similar width of the pier at streambed level, and the
pier was aligned, skewed at 5° and 10°, respectively to the flow.

Zarrati et al. (2004) in another work, studied experimentally the use of independent and
continuous pier and collars in combination with riprap for scour reduction around bridge pier
groups. They studied the efficiency of collars through various experiments. They compared
the data, they generated from their experiments with the data available in the open literature
on single piers with collars and bridge pier groups without collars. The authors observed that
for the case of two piers in line, the combination of continuous collars and riprap effectively
reduced the scour by about 50% for the front pier and 60% for the rear piers. They also
observed, that for two piers in line, the independent collars indicated better efficiency
compared to continuous collars around both piers. In their observation, it was also presented
that the efficiency of collars on a rectangular pier aligned with the flow was more compared
to two piers in line. Finally, they concluded that their experiments indicated less effectiveness
for collars in the reduction of scouring around two transverse piers.

Mashahir et al. (2008) studied the process of reduction of local scouring at bridge piers
as a time-dependent process experimentally. They carried out their study by using collars
around a pier to reduce the rate of scouring considerably. Collars were attached to a pier which
looked like horizontal plates. Collars worked as a barrier to the downflow and prevented its
direct impingement into the streambed. They used a rectangular pier of 5 cm wide, 15 cm
height, and collars with 3 different lengths i.e. 25cm, 35cm, and 45 cm, and constant width (3
times of the pier width). In their experiment, the pier model had a circular nose and tail and
was made from clear Perspex. Collars were placed at the streambed level and all tests were
conducted at the threshold of bed material motion where maximum depth of scour hole was
expected. The authors carried out long-time tests to study the development of the scour hole
around the pier. They investigated that the length of the collar was an important factor that
affected the rate of scouring. They observed that in the collar with 25 cm and 35 cm length,
the flow undermined the collar and penetrated below its upstream edge after 8 and 24 hours
respectively. However, later the development of scouring was boosted due to the horseshoe
vortex. They also observed that for the collar with 45 cm length, flow could not penetrate
below the upstream edge of the collar after 185 hours. They observed that though the scouring
at the upstream region of the pier was absent, at the sides of the collar, the maximum depth
of the scouring (4.35 cm) was present indicating a 60% reduction in scouring.
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Garg et al. (2008) studied the combination of various scour protection devices around
an oblong-shaped bridge pier. The efficiency of scour protection devices was studied through
experiments individually and in combination. They tested several protections for checking
their performance individually and possible combinations of all these devices around the
oblong pier. The components included a collar plate, a sleeve, and a collared sleeve encircling
the pier. Additionally, there were vanes positioned on the upstream side of the bridge pier,
along with a passive delta-wing-like device situated at the upstream junction of the pier.
Initially, the optimal dimensions and locations of individual protective devices encircling the
pier were tested. Subsequently, the devices were examined in combination to assess their
collective performance. The findings revealed that the combination of collars and vanes
around an oblong pier yielded the most substantial reduction in scour, amounting to
approximately 86.36%. They concluded that the combination of two devices was better than
the performance of individual devices. The overall factor of safety for a composite device was
much higher than that of any of the individual devices.

Negm et al. (2009) studied the optimal shape of the collar to minimize the local scour
around the bridge piers. They used a collar which was a protective tool to minimize the
maximum local scour around the bridge pier. The authors used three different shapes of collars
such as triangular, circular, trapezoidal, and rectangular as protective plates around the bridge
pier. They tested every different collar under similar subcritical flow conditions with tail
Froude numbers ranging from about 0.2 to 0.55. The experiment was conducted using a
recirculating flume of 4m in length, 20cm in depth, and 60cm in width. They measured the
water surface and analyzed the scour profiles in detail. The authors developed a statistical
equation and proposed to predict the maximum relative scour depth around the bridge pier.
They concluded that the use of the optimal shape (rectangular collar) greatly reduces the
maximum relative scour depth around the bridge pier to the extent of 90% when the collar
width is 5 times the pier width compared to the no collar case.

Mashahir et al. (2010) studied experimentally the application of riprap alone and a
combination of riprap and collar to prevent the scour around rectangular bridge piers. The
authors investigated piers aligned with the skewed angle at 5°, 10°, and 20° to the flow. In
their experiment, they used piers with three different aspect ratios equal to 1:3, 1:5, and 1:7,
respectively. They used a constant width of a collar which was equal to three times wider than
the piers width around the piers and placed the collar at the streambed level. All experiments
were conducted at the threshold of motion of the bed material. They extended the previous
method of calculation on stable riprap size around circular piers to the rectangular piers with
three different aspect ratios (1:3, 1:5, and 1:7) and three skew angles (5°, 10° and 20°) with
and without collar protection. They concluded that the aspect ratio did not affect the stable
riprap size when piers were aligned with the flow and increasing skew angle and aspect ratio
of the piers, the stable size and extent of the riprap layer also increased. They also concluded
that the application of the collar decreased the stable riprap size and quantity of riprap stones.
However, the effect of the collar also decreased with increasing pier skew angle and aspect
ratio.
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Masjedi et al. (2010a) studied the oblong collars for reducing the effects of local scour
at a bridge pier for the time aspect of the scour development. The study was conducted using
a 180° laboratory flume bend. The author conducted one oblong pier with positions of 60°
under constant flow conditions. They studied experimentally the time development of the
local scour around the oblong pier fitted with and without collar plates. They used four
different sizes of collars (1.5, 2, 2.5, and 3 of pier width at stranded level) fitted on the
temporal development of scour depth around the oblong pier. They observed that a collar
width that was 3 times of pier width represents the maximum reduction (78%) of scour depth.
The author compared their study on the time development of the scour hole around the model
pier with and without a collar installed with similar studies on bridge piers. The results of the
model study indicated that the maximum depth of scour is highly dependent on the
experimental duration.

In another work, Masjedi et al. (2010b) investigated the time aspect of the local scour
development around an oblong pier with an oblong collar in a flume with a 180° bend. They
studied the bridge failure case due to the scour hole around the pier that was generated by the
river floods. The authors conducted the experiment by using one oblong pier in positions of
60° under constant flow conditions. The experimental study was carried out using a physical
hydraulic model that was operated under clear-water conditions in cohesionless bed material.
They investigated the time development of the local scour around the oblong pier both the
with and without collar plates, respectively. The effect of size and elevation of a collar on the
time development of scour was investigated. They observed that the maximum depth of scour
was extremely dependent on the experimental duration. The investigation revealed that when
an oblong collar with a width of 3 of pier width was positioned at an elevation of 0.1B below
the bed, the minimum depth (92% reduction) of scour occurred. The authors concluded that
with the expansion of the collar plate dimensions, there was a concurrent decrease in the
extent of scour. The depth of scouring was measured through experimental observation,
leading to the development of an empirical relation with a 95% regression coefficient.

Heidarnejad et al. (2011) studied the evaluation of the effect of a collar for scouring
around an oblong pier in a 180° bend. In their experiment, they used a 6 cm diameter and 18
cm length pier and collar with 1.5, 2, 2.5, and 3 times of pier diameter at bed level in a position
of 60° in bend with the constant discharge (32 1/s) and 12 cm water depth under clear water
conditions. They concluded that as the maximum depth of the collar plate increases, the scour
decreases and a minimum depth of scour is dependent on the collar with 3 times of pier width.

Zokaei et al. (2013) studied the scouring around circular and rectangular piers protected
by collars using low-density sediment due to shortening experiment duration. They tested
rectangular piers both aligned with the flow and skewed at angles of 5°, 10°, and 20°. They
observed that in comparison of low-density sediment with natural sediment, although the
relative equilibrium depths were roughly similar, the time to achieve equilibrium conditions
decreased to less than 10 hours with low-density sediment. They revealed that for circular and
aligned rectangular piers with increasing flow intensity, the collar could reduce maximum
scour hole depth by about 20% to 60%, respectively.
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Ismael et al. (2014) carried out an experimental study using downstream-facing airfoil
shaped piers to reduce scour depth. This study examined three piers (upstream-facing airfoil,
downstream-facing airfoil, and circular) under live-bed conditions with a flow intensity of 58
1/s over a duration of 5 hours. In their study, it was observed that the downflow diverged away
from the front of the downstream-facing airfoil-shaped pier, resulting in a small vortex that
did not impact the pier. The decrease in scour hole volume amounted to approximately 87%
compared to a circular pier, with the maximum scour depth reduced by 59% compared to an
upstream-facing airfoil and 68% compared to a circular pier.

Salman Beg and Mubeen Beg (2017) carried out an experimental investigation on the
variation of scour depth to identify the efficacy of the application of collars to a bevel-nosed
rectangular pier to reduce the scour depth. They tested the bevel-nosed rectangular pier
(aligned with the flow direction) at low angles of attack with the direction of constant flow
condition. They carried out their experiment by using a pier without a collar, with one collar
and two collars under steady-state clear water. They found that 76.7% and 81.54% reduction
in scour depth was present with the application of one collar at 0° and 15° angles of attack.
On the other hand, 43.8% and 45.2% reduction in scour depth were present with the
application of two collars at 0° and 15° angles of attack.

Farooq et al. (2017) studied experimentally the influence of pier modification
techniques for reducing scour around bridge piers. They observed the temporal development
of scour depth around pier modification (plain circular pier, plain octagonal pier, octagonal
pier with collar, octagonal threaded pier, octagonal pier with openings) under constant flow
conditions. The authors used two different shapes of the pier, i.e., octagonal and circular. The
provision of a collar around the octagonal pier reduced more scour depth to that of the other
two configurations. They observed that providing a collar around the octagonal-shaped pier
resulted in the maximum reduction of scour depth. The scour depth around both circular and
octagonal piers was observed and was found to be 9.1% less around the former pier. For the
pier with collar, the depth of scour was found 6.8% and 12.3% less than that for the pier with
cable and the pier with opening respectively.

Ghaderi and Abbasi (2019) carried out a numerical analysis to identify the local
scouring around airfoil-shaped bridge piers with and without collars by using the FLOW-3D
model. The authors observed that enlarging the width of the pier's base led to a decrease in
the maximum scour depth, effectively mitigating the scouring depth behind the piers. The
authors observed that the hole dimensions at the airfoil-shaped pier with length to diameter
ratio of 5 were less than other models. The authors concluded that minimal scouring occurs
at the rear due to the absence of wake vortices. As the length of the pier increases, the rate of
maximum scour depth reduction also increases. Notably, the pier with a length-to-diameter
ratio of 5 exhibited the most significant reduction, amounting to 18.69%.

Farooq and Ghumman (2019) studied the effect of pier shape and alternation on
scouring around the bridge pier experimentally. This study aims to alleviate flow stagnation
and vortex formation in front of the bridge pier. This is achieved through the implementation
of a collar, a hooked collar, a cable, and strategically placed openings, both individually and
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in combination, around a well-suited pier design. They carried out the study by six different
pier shapes to find out the influence of pier shape on local scouring for a length to width ratio
smaller than or equal to 3. The authors observed that a plain octagonal shape pier was more
effective in reducing scour compared to other pier shapes. In their study, it was noted that the
effectiveness of pier modifications was assessed through experimentation with various
combinations of collar, hooked collar, cable, and openings on an octagonal bridge pier. This
was compared against an unmodified octagonal pier. The researchers concluded that the
optimal configuration involved a hooked collar along with a cable and openings surrounding
the octagonal pier. This combination resulted in a significant reduction of approximately 53%
in scour depth compared to an octagonal pier without a collar.

Moghanloo et al. (2019) studied the effect of increase collar thickness on the flow
pattern using the Victorino 3D velocimeter around the oblong bridge pier placed at 90° in a
180° sharp bend with a balanced bed. Data acquisition was performed. In their tests, the collar
was consistently positioned at 0.4 times the pier diameter above the initial bed surface. They
observed that increasing the collar thickness by a factor of 4 caused the barrier surface to be
positioned in the flow path, diverting the flow towards the bed as it collided with the collar's
edge. This diversion led to a 30% increase in the maximum depth of the scour hole upstream
of the pier. Additionally, the thicker collar increased the tendency of streamlines upstream of
the pier to move towards the inner bank, resulting in a 20% increase in maximum
sedimentation near the inner bank. They concluded that at 80° of the bend, the highest
turbulent kinetic energy (0.000062 m?/s kg) is observed which decreases scour by 60% when
the collar thickness increases.

Abed and Majeed (2020) studied the behavior and effect of the scouring pattern and the
spacing between bridge piers by numerical simulation. They carried out their study for a
specified hydraulic condition such as velocity of flow, flow depth, and the sediment effective
diameter. The authors also studied the cross-section shape of piers and their effect on the
scouring depth around bridge piers, using commercial CFD software, ANSYS-Fluent. The
authors noticed a reversed proportion between scour depth and the spacing between piers. In
their analysis, the pier spacing increased with the decreasing scour depths, for the spacing
ratios 2, 3.5, 4.6, 5.5. The maximum scour depths were 32, 34, 37, and 50 mm respectively.
They concluded that the minimum scouring depth happened with a triangle-noise pier, then
with an oblong shape pier, and a circular section of the pier had maximum scour.

Farooq et al. (2020) carried out an experimental study on the optimal parameters of an
octagonal hooked collar to reduce scour around a single bridge pier under a steady uniform
state, and with clear water. The author observed that increasing the hooked collar width which
was 2.5 times the width of the pier, reduced the maximum scour depth significantly. The
researchers observed that the most effective combination involved a hooked collar with width
2.5 times that of the pier and a sidewall height equivalent to 0.45 times the pier width. They
concluded the best combination minimized around 73.3% of scour hole depth, compared to
an octagonal pier without any modification. With the help of experimental results, they
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proposed a new equation to predict the scour depth around a bridge pier fitted with the hooked
collar.

Farooq et al. (2021) carried out the performance evaluation of scour protection around
a bridge pier by experimental analysis. The authors used several approaches to counterbalance
the base of piers from scour and they observed that the collar with protection was more
effective for reducing the scour. The authors experimented with the rectangular cross-
sectional pier with a rectangular hooked collar at streambed level under clear water
conditions. In their experiment, they used different dimensions of hooked collar wall height
to hooked collar width (0.05 to 0.30). They observed for all the side wall heights that due to
the change of the wall height from 0.3 times of pier width to a higher value, the scour started
to increase. On the other hand, by reducing the width of the hooked collar up to 1.5 times of
pier width, the authors observed the equilibrium scour depth was significantly decreasing.
They concluded that the case of 1.5 times of pier width along with a side wall height of 0.3
times of pier width was the most effective dimension for a hooked collar which may be
utilized for rectangular unprotected piers.

Dehghan et al. (2021) studied the effect of collar width ratio on the flow pattern around
an oblong pier in a 180° channel (rectangular) bend experimentally. The channel was 1 m in
width and 0.7 m in height with upstream and downstream paths 6.5 m and 5 m long,
respectively. Experiments were conducted under clear water approach flow conditions. The
authors observed that the inclusion of collars around an oblong pier induces vortices opposing
the longitudinal flow, leading to the distortion and disruption of streamlines downstream of
the pier while diminishing downflow strength at the pier nose. They also observed that
doubling the collar width resulted in 0.93 and 0.68 times the vorticity and power of the
secondary flow, respectively, at the pier upstream.

Keshavarz et al. (2021) studied the flow patterns around models for rectangular and
oblong piers with a collar located at the 90° angle in the middle of the 180° sharp bend. They
observed the 3D flow velocity data using a Victorino 3D velocimeter. They discussed the
contour plots of mean velocity components, the variations of mean angular velocity, shear
stress, secondary flow intensity, kinetic energy, and streamlined flow. They showed through
their results that the scour area was much higher with the installation of the rectangular pier
than with the use of the oblong pier. Moreover, they concluded that the installation of the
oblong pier decreased the maximum secondary flow intensity and angular velocity by 35%
and 45%, respectively in comparison to the rectangular pier. Additionally, it was discovered
that there was no significant difference in the maximum turbulence kinetic energy around the
two piers' reduced shear stress.

Safaei et al. (2021) studied experimentally the efficiency of the flexible collar on a
bridge pier for reducing scour depth. Extensive research has been conducted by the authors
to reduce and control destructive phenomena. They carried out their experiment with the help
of the direct method. The experiment was conducted under clear water conditions with an
adjustable chain collar, which was three times bigger than the pier's width. In their experiment,
three different diameters of the chain collar were used such as 5 mm, 10 mm, and 15 mm, and
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three dimensionless flow parameters (U/Uc= 0.73, 0.85, and 0.96) were selected to investigate
the effect of flow conditions. They concluded that the scour depth was related to changes in
the diameter of the collar chain, as the final scour depth decreased by increasing the diameter
of the chain from 5 mm to 15 mm. The authors proposed the best condition of the chain collar
which was 15 mm diameter.

Moghanloo et al. (2022) studied experimentally to evaluate the effect of the level and
thickness of the collar on scouring around the pier in a 180° sharp bend and a relative
curvature radius equal to 2. They conducted all experiments with the same discharge equal to
70 I/s. They showed that placing the collar at the initial bed surface and collar (0.4 times of
pier width) placed at below the initial bed level with a thickness of 0.12 and collar with 0.06
times of the pier width, achieved the most effective reduction in scouring when the pier was
positioned at a 90° bend. They concluded that reduction of the maximum scour hole depth by
70% compared to not using the collar. At 60° and 120° positions, the thickness parameter
didn't significantly affect scouring, and the optimal collar level was the same as for the pier
at a 90° bend.

Bento et al. (2023) studied both numerically and experimentally the scour pattern
around an oblong pier. The author studied Computational Fluid Dynamics (CFD) with the
Sediment Simulation in Intakes with Multiblock option (SSIIM) tool to numerically examine
the scour depth around an oblong bridge pier and the temporal and distribution of bed shear
stress in time. They used Laboratory data and scour characterization results around a 0.11 m
wide oblong bridge pier to calibrate and validate the numerical model. The averaged form of
the Navier—Stokes equations was employed to simulate turbulent flow fields for extended
time scales. They concluded that the calibrated numerical models can accurately replicate
measured scour depths in laboratory settings, with an average relative error of less than 3%,
particularly around oblong bridge piers.

Dehghan et al. (2023) studied the effects of the width of the collar on the scouring effect
around the rectangular piers in a 180° bend experimentally. The authors investigated the
mechanism of scouring surrounding the combination of pier and collar. They also investigated
experimentally the effect of various collar width to pier width ratios on the reduction of
scouring parameters surrounding the rectangular piers in various 180° sharp bend positions.
The authors carried out their experiment under the clear water and threshold of sediment
motion in the upstream straight path. They observed that collar width to pier width ratios
equal to 3 to 4 perform the best at reducing the maximum depth of scouring in front of the
nose of piers. They also observed that the increasing width of the collar reduces the maximum
depth of scouring. The authors also noticed that lengthening the pier diminishes the collar's
ability to effectively delay the scour process at the pier nose and also reduces the extent of
maximum scour reduction. In their findings, it was determined that the most significant
reduction in scour depth took place around the pier and its collar, specifically in the 90°
section. This reduction was observed when the collar width to pier width ratio of 4, was
installed around the piers having length-to-width ratios of 2 and 3, resulting in reductions of
approximately 75% and 70%, respectively.
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Farooq et al. (2023) investigated the effects of hooked-collar on the scour development
around a vertical pier with a lenticular cross-section experimentally. They considered the flow
around the pier as uniform, steady, and under the clear-water condition. The effects of hooked
collar dimensions and the elevation from the bed were measured for the axial scour profiles
without and with a lenticular hooked collar. A wide range of hooked-collar geometries such
as the ratio of collar width to the pier width (from 1.5 to 3.5), the ratio of hooked-collar wall
height to the pier width (from 0.15 to 0.6), and the ratio of collar elevation to the pier width
(0.5, 0, and 0.5) were tested. They observed that the equilibrium scour depth decreased with
the ratio of the hooked collar to the pier width when the collar width was twice the pier width.
They also observed that the scour depth steadily reduced when the hook collar to pier width
ratio approached 0.3. The authors achieved maximum efficiency of scour reduction when the
hooked collar was placed on the bed surface. Finally, the authors developed models for the
prediction of maximum scour depth near the lenticular bridge pier with a modified collar. The
findings revealed a non-linear increase in the volume of the scour hole around a lenticular
pier in correlation with the maximum scour depth, and this behavior remained unaffected by
the geometry of the hooked collar.

Solati et al. (2023) studied the scour pattern around nine different shapes of the pier in
180° sharp bend under unsteady currents. They conducted three different locations of pier
along a 180° bend, across four flood durations. Additionally, four ratios of rising limb to flood
duration were considered for the 100-minute flood durations. In total, 196 tests were
conducted, encompassing seven tests carried out within the bend without piers. They showed
that the deepest scour hole in front of piers of various shapes depended on flood duration,
with the ratio of ascending to descending branch having minimal impact on the final
maximum scour hole depth around the pier. The author also concluded that the scour hole
volume was influenced by the pier's nose and cross-sectional shape, with the rectangular pier
exhibiting a greater scour hole volume compared to other pier shapes.

After a detailed literature review, the developed non-dimensional governing equations
of the variation of the scour parameters with spatial and temporal coordinates by different
researchers for different shapes of the pier are listed in Table 2.1.

Based on the literature reviewed above, it 1s evident that numerous studies have been
conducted on scour around the bridge pier. These studies have shown significant results in
reducing scour around oblong piers with oblong collars. However, while many investigations
have focused on oblong piers with collars situated on bend channels, there remains a gap in
research concerning oblong piers with oblong collars positioned on straight channels.
Additionally, the detailed geometric influence of collar dimension on scour phenomena,
particularly concerning temporal variations around oblong piers with oblong collars for
straight channels, has not been thoroughly explored.

Photographs of oblong piers in various locations across West Bengal, as shown in Figs.
2.1 and 2.2.
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Table 2.1. Functional relationship for non-circular shape pier.

Literature Pier shape Function
d
Negm et al. (2009) Rectangular ZS =exp (5.48Fr —0.16/W —1.32k_ — 2.5)
d, L w
Dehghan et al. (2023) Rectangular v = 0.05385 —0.2305 D +1.0468
Masjedi et al. (2010) Obl ﬂ— K E i
asjedi et al. ong D D’D’tm
d A L
Bhattacharya et al. (2003)  Oblong —s =1.03N| — Fr%® Ll =\f (a)
D D D
Safaei et al. (2021) S i—f ds Kgi
afaei et al. quare DIRL s D U , )
Heidarnejad et al. (2011 Obl dS—fWHt
eidarnejad et al. ( ) ong D 4 D’D’te
d_w N A y L,
Farooq et al. (2020) Octagonal D D 4D
dsp —ds H A
Farooq et al. (2022) Lenticular n= s = f; B, A:
D, Ut L
Ghaderi et al. (2019 Airfoil =2 —,—=|=0
aderi et al. ( ) irfoi J%(D D DJ

Fig. 2.1. Hanskhali bridge with oblong shaped piers located in Nadia district, West Bengal,

India.
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Fig. 2.2. Murti Bridge with oblong shaped piers located in Jalpaiguri district, West Bengal,
India.

Therefore, the present study aims to address these gaps by conducting experimental
research on oblong piers with oblong collars along straight paths. The experimental work
focused on identifying the effect of variation of collar dimension on scour reduction along the
oblong pier with an oblong collar. Our final objective is to develop a nondimensional
governing equation for scour reduction by oblong piers with oblong collars along straight
paths. The experimental methodology and setup are elaborated upon in the subsequent
chapter.
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Chapter 3

Methodology

In the present chapter, the methodology of the experimental procedure of the present study is
presented. The selection of the experimental flow condition, dimension of the pier and collar,
and parameters that affect scour depth around the pier and experimental setup are elaborated
in detail here.

3.1 Objectives

The research presented in this thesis emanates from experimental investigations carried out
at the Fluvial Hydraulics Laboratory, located within the School of Water Resources
Engineering at Jadavpur University. Our study aims to analyses the scour patterns around
oblong piers using oblong collars under clear water conditions. Specifically, our investigation
explores scenarios characterized by uniform cohesionless bed material, consistent flow
conditions and clear water flow. Through precise experimentation and analysis conducted
within this controlled setting, our objective is to enhance comprehension of bed morphology
under such conditions.

To assess the scour profile around oblong piers with and without collars, twelve
experiments were conducted. These experiments were divided into two sets. The first set
involved a pier with dimensions of 14 cm in length and 7 cm in width, with collar dimensions
ranging from 1.5 to 3.5 times greater than the pier's dimensions. Conversely, the second set
of experiments utilized a pier measuring 28 cm in length and 7 cm in width, with collar
dimensions also varying from 1.5 to 3.5 times greater than the pier's dimensions. The various
pier and collar dimensions are illustrated in Fig. 3.1.

It is important to note that the selection of these dimensions and their associated ratios
for the pier and collar was not arbitrary. A comprehensive analysis of existing literature was
conducted to identify pertinent parameters, which will be discussed in the subsequent
sections.
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Fig. 3.1. Different dimensions of (a) pier and (b) collar for L/D ratio 2 and (c) pier and (d)

collar for /D ratio 4.

3.2 Selection of parameters for experiments

The selection of the parameters of the experimental apparatus plays a pivotal role in the design
and execution of scientific investigations. The precision and accuracy of experimental
outcomes depend heavily on the careful consideration and optimization of various parameters
associated with the apparatus used. This introductory phase involves a meticulous evaluation
of key factors such as equipment specifications, operating conditions, and measurement
techniques, all of which collectively contribute to the reliability and validity of experimental
results. Figure 3.2 represents the dimensions of the pier and collar.
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Fig. 3.2. Schematic diagrams of (a) pier and (b) pier with collar.
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3.2.1 Determination of oblong pier dimension

In the present analysis, the length of the pier (1) was chosen as 14 cm to maintain a length-
to-width ratio of 2, consistent with the experimental findings of Bhattacharya et al. (2003)
and Dehghan et al. (2021). It's important to note that the width of the pier is fixed at 7 cm in
the laboratory. Hence, the selection of a length of 14 cm aligns with the experimental range
utilized by Garg et al. (2008), Bhattacharya et al. (2003), Dehghan et al. (2021) and Masjedi
et al. (2010).

On the other hand, a different length of 28 cm was utilized to maintain a length-to-width
ratio of 4, consistent with the experimental analysis by Dehghan et al. (2021), Moghanloo et
al. (2019), Moghanloo et al. (2020) and Zarrati et al. (2004). Also, according to Melville and
Sutherland (1988), the ratio of pier length to width should be greater than 3.

Throughout the experiment, care was taken to ensure that the width of the experimental
flume exceeded seven times the pier width (D) to mitigate the wall friction factor. The
minimum ratio of flume width to pier width, as suggested by Raudkivi and Ettema (1983), is
6.25, which could be employed without any measurable effect from the side walls on the local
scour at the pier.

3.2.2 Determination of oblong collar dimension

The width of the collar (/) is chosen 10.5 cm, 14 cm, 17.5 cm, 21 cm and 24.5 cm to maintain
the collar width to pier width ratio 1.5, 2, 2.5,3 and 3.5 with the experimental analysis by
Bhattacharya et al. (2003), Mashahir et al. (2004), Zarrati et al. (2004), Garg et al. (2008),
Negm et al. (2009), Masjedi et al. (2010) and Dehghan et al. (2021).

The position of the collar plate is chosen at bed level to reduce scour as much as
possible. It is consistent with the experimental ranges used by Bhattacharya et al. (2003),
Mashahir et al. (2004), Zarrati et al. (2004), Garg et al. (2008), Negm et al. (2009), Masjedi
et al. (2010), Moghanloo et al. (2019, 2020) and Dehghan (2021).

The dimensions of the pier and collar are chosen based on thorough literature reviews.
The details are presented in Table 3.1. It is to be mention that collar length (L") is express as
a function of pier width (D), as presented in the table below.

Table 3.1. Dimension of pier and collar selected based on previous literatures.

Literature Pier Pier length  Collar width (W) Collar length
width (D) (L) @)
(cm) (cm)
Bhattacharya et al. 4 8,12, 16 3D 5D, 7.5D, 10D
(2003)
Mashabhir et al. (2004) 5 25 3D 5D
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Zarrati et al. (2004)
Mashahir et al. (2008)
Negm et al. (2009)
Mashabhir et al. (2010)

Masjedi et al. (2010)

Zokaei et al. (2013)

Moghanloo et al.
(2019)

Moghanloo et al.
(2020)

Dehghan et al. (2021)
Dehghan et al. (2023)

Present study

5 25
5 15

3 40

5 15

6 18

5 25

5 20

5 20

5 20

5 10, 15, 20
7 14,28

2D, 3D

3D

1.5D, 3D, 3.5D, 5D
3D

1.5D, 2D, 2.5D, 3D

3D
4D

7D

2D, 4D

1.5D, 2D, 2.5D, 3D,
4D, 5D

1.5D, 2D, 2.5D, 3D,
3.5D

7D, 8D
5D, 7D, 9D
5D

5D, 4.5D, 3D,
3.5D

8D
8D

16D

45D, 5D,
5.5D, 6D, 6.5D

3.2.3 The parametric range of the present experimental analysis

The parametric range of the present experimental analysis is presented in Table 3.2.

Table 3.2. The parametric range of present experimental analysis.

Exp. Details LD WD D L w L Q h R og Dso U/U. Fr

Number cm cm cm cm /s cm  cm mm

1 Oblong pier 4 0 7 14 0 0 255 115 35 168 0724 0825 026
2 Oblongpier 4 15 7 14 105 315 255 115 35 1.68 0.724 0825 0.26
3 withcollar 4 20 7 14 140 35 255 115 35 168 0724 0825 0.26
4 4 25 7 14 175 385 255 115 35 1.68 0724 0825 0.26
5 4 30 7 14 210 42 255 115 35 168 0724 0825 026
6 4 35 7 14 245 455 255 115 35 168 0724 0825 026
7 Oblong pier 2 0 7 28 0 0 255 115 35 168 0.724 0825 026
8 Oblongpier 2 15 7 28 105 175 255 11.5 35 1.68 0.724 0825 0.26
9 withcollar 2 20 7 28 140 21 255 115 35 1.68 0.724 0825 023
10 2 25 7 28 175 245 255 115 35 168 0.724 0825 023
11 2 30 7 28 21 28 255 115 35 1.68 0724 0825 023
12 2 35 7 28 245 315 255 115 35 1.68 0.724 0825 023
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It is to be mentioned that the range of the parameters of the following experimental apertures
is chosen based on the thorough literature reviews of the existing experimental, analysis on
the oblong pier.

3.2.4 Selection of flow condition

The discharge rate selected was 25.5 I/s. This choice was influenced by prior research
conducted in our laboratory, where a significant number of experiments utilized the same
discharge rate. Consequently, we selected this specific discharge rate to facilitate future
comparisons between our study and others in the field.

The flow depth within the flume was regulated using a tailgate mechanism. Across all
experimental runs, the incoming flow depth (%) was consistently set at 11.5 cm. Additionally,
the bed slope Sy maintained at a ratio of 1:2400 remained unchanged throughout all the
experiments.

Table 3.3. Parameters affecting scour depth around the pier with time.

Literature PierShape Q@ B h Dso D W H K. 0 ps o UU:. Fr ds
Mohammad et al. (2008) Rectangular Q9 B h Dsy D W H X 6 X X UU X ds
Masjedi et al. (2010) Oblong QO B X Dy D W X X 6 X X UU. Fr d
Albani et al. (2006) Oblong QO B X Dss, D W X X 6 X g, UU Fr d
Ettema et al. (2004) Oblong QO B X Dss D W X X 6 X g, UU Fr d
Masjedi et al. (2010) Oblong QO B X Dsy D W X X 0 X o UU. Fr d
?f;lggle and Raudsivi Oblong O B X Do D W X X 0 X o UU Fr d
Masjedi et al. (2010) Oblong O B X Dsys D W X X 0 X o UU Fr d
Negm et al. (2009) Rectangular X B X x D W X X X X g UU Fr X
Mashahir et al. (2004) Oblong X B X Dss D W H X X X g, UU Fr d
Farooq et al. (2017) Octagonal O B h Dss D W H X X pg o UU Fr ds
Farooq et al. (2020) Octagonal QO B h Dss D W X X X p o, UU Fr d;
Safaei et al. (2021) Square O B h Dsy D X X K. X p; o0 UU. Fr d
Farooq et al. (2019) Octagonal O B h Dy D X X X X p. X UU. Fr d
Ghaderi et al. (2019) Airfoil X B h Dss, D X X X X p. X UU Fr d
Ismarl et al. (2014) Airfoil O B h Dss D W X X X p o4 X X 8
Present study Oblong QO B h Dss D W H K& 0 ps o, UU Fr ds
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The critical bed shear stress (7o) was determined by using the expression for the critical
Shields parameter, ®(= Ty / Ap,gd ) which was developed by van Rijn (1984). From van

Rijn’s (1984) empirical equations of the Shields curve the value of the critical Shields

0.333
parameter was calculated where the particle parameter, D, (: d (Ag / vz) ) =20.06. Then

the equation of critical bed shear stress becomes as Toc = 0.0319Ap ,gd (equivalent to 0.4084
N/m?).
The critical condition of the bed was examined before the experiment run using steps 2

to 6. The depth-averaged approaching flow velocity (U) was estimated using Manning’s
21
equation (U =—R3§?). Here, the coefficient of roughness (n) was determined by using
n

: 1 - : : . o
Strickler’s formula (n = ﬁdSOé ). From the sieve analysis experiment, the median diameter
of sand (Ds0) was determined as 0.825 cm.

z-O

Then critical shear velocity (Ux) was calculated using U« = [— = 0.01997.
Py

Therefore, U: can be calculated from U, = 5.7510g(Lj + 6 where U, h, dso are

*c 50

already known. U. calculate is 0.34 m/s.

It is to be mention that the range of use in the present analysis falls within the parametric
range utilized by earlier researchers, as shown in Table 3.4. Since the present analysis uses a
lot of data from previous studies, gathering the measured parameters from the original sources
was quite difficult. Some research articles do not provide access to the measured data that
other researchers used. It is to be mention that in the present analysis, the all the parameter
affecting the scour depth with time is considered and it is presented in Table 3.3.
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Table 3.4. Maximum and minimum values of parameters.

Literature Pier Range [ B h Dso D w K Ps o, U/ Fr ds t
Shape

/s cm cm  mm cm  cm kg/m? cm hr

Masjedi et al. .
20100) Oblong mn 35 60 45 2 6 9 08 2700 17 08 041 060  0.03
max 35 60 45 2 6 18 085 2700 17 089 041  3.09 503
Albani (2006)  Oblong mn 35 60 45 2 6 12 085 2700 17 08 041 150  0.08
max 35 60 45 2 6 12 085 2700 17 089 041 650 5.0l
Ettema. (2004)  Oblong mn 35 60 45 2 6 12 08 2700 17 08 041 190  0.12
max 35 60 45 2 6 12 085 2700 17 089 041 598  4.98
?;Ig?gs)l tal Obong mn 35 60 45 2 6 12 085 2700 17 08 041 210  0.83
max 35 60 45 6 12 085 2700 17 089 041 600  7.00
gﬁi‘éﬁiﬁaﬁ; 6 Oblon mn 35 60 45 2 6 15 085 2700 17 08 041 200  0.02
max 35 60 45 2 6 15 085 2700 17 089 041 601  5.02
gg(s)iih‘r Oblong mn 35 75 45 095 5 15 122 2700 12 092 030 131  0.63
max 35 75 45 095 5 15 122 2700 12 092 030 679 517
Farooq (2017)  Octagonal min 67 100 18 042 7 22 093 2790 14 08 026 050 078
max 67 100 18 042 7 22 093 2790 14 089 026 480  7.99
Farooq (2020)  Octagonal min 48 100 15 08 6 9 093 2560 14 08 026 050 0.14
max 48 100 15 088 6 21 093 2560 14 089 026 511 241
Ismael (2014)  Airfoil min 58 80 125 145 4 20 080 2650 3.1 08 051 177 049
max 58 80 125 145 24 120 080 2650 31 089 020 831 501
Presentstudy ~ Oblong min 255 81 115 073 7 105 085 2700 17 082 026 004 008
max 255 81 115 0.73 245 085 2700 17 08 026 372 9.00
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3.3 Experimental setup

The experimental arrangement, data acquisition system and variables measured in the model
study are described. Various experiments were conducted to investigate the development of
scour depth around oblong piers with collars. Detailed descriptions of the experimental setup
and conditions are provided. All experiments were performed at the Fluvial Hydraulics
Laboratory (refer to Fig. 3.3.) located at the School of Water Resources Engineering, Jadavpur
University, Kolkata.

Fig. 3.3. Tilting flume used during the experimentation.

3.3.1 Tilting flume

The experiments take place in a recirculating flume measuring 11 m in length, 0.81 m in
width, and 0.60 m in depth (as depicted in Figs. 3.3. and 3.4.). The working section of the
flume is uniformly filled with sand to a thickness of 0.20 m. The sand bed spans a length of
7 m and a width of 0.81 m, positioned 2.9 m upstream from the flume inlet. For most of its
length, the working section comprises a steel bottom and Plexiglas side walls on two sides to
facilitate visual observations. A centrifugal pump at the upstream end of the flume serves the
recirculating flow system
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Fig. 3.4. Schematic diagram of the tilting flume.

3.3.2 Pump

The hydraulic machines which convert mechanical energy into hydraulic energy are known
as pumps. Hydraulic energy is in the form of pressure energy. In our setup, a centrifugal pump,
rated at 10 horsepower and variable speed, serves the recirculating flow system positioned at
the upstream end of the flume (refer to Fig. 3.5.). Water is conveyed through a 200 mm
diameter pipeline directly into the flume. The pump operates at 1430 revolutions per minute
(rpm), with a power output of 7.5 kilowatts (kW), and can achieve a maximum discharge rate
of 30 I/s. Additionally, there are two pumps available for alternate use. Discharge
measurement is facilitated by water passing through a flow meter.

Fig. 3.5. Pump used to recirculate the flow.
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3.3.3 Sediment bed

A set of experiments is conducted using the sand bed material, as depicted in Fig. 3.4. In the
laboratory, we conducted a mechanical sieve analysis and measured the specific gravity of
sand particles. The particle sizes were determined as follows: Dso is 0.724 mm, Di¢sis 0.44
mm, Dgs is 1.458 mm and Do is 1.65 mm. Additionally, the geometric standard deviation of
sediment size (o) is calculated to be 1.68. The density of the sand is measured to be 2.58.

After positioning the piers correctly and ensuring proper alignment, a uniform sand bed
was prepared. For a successful experiment, it's crucial to have a well-prepared, smooth and
uniform sand surface, as it significantly contributes to achieving accurate and reliable
experimental results. A flat sand bed measuring 3 m in length and 0.81 m in width was
meticulously arranged, and its flatness was verified using a spirit level. The preparation of the
sand bed was done for each new arrangement of piers.

3.3.4 Acoustic doppler velocimeter

The Vectrino is a high-resolution acoustic velocimeter used to measure turbulence and 3D
water velocity in a wide variety of applications from the laboratory to the ocean. The basic
measurement technology is coherent Doppler processing, which is characterized by accurate
data and no appreciable zero offset. We measure the temporal evolution of scour depth using
an Acoustic Doppler Velocimeter, as shown in Fig. 3.6. Model number of the Vectrino
Velocimeter: VECTRINO PROFILER FIXED PROBE 10 MHz, 4198-1-131. Probe ID: VON
9619, Hardware ID: VNO 1617 Uw Housing.
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Fig. 3.6. Acoustic Doppler Velocimeter. Apparatus of the Acoustic Doppler Velocimeter; 1-
Transportation and storage case; 2- Vectrino Velocimeter; 3- External power/signal cable; 4
Tool kit, Nortek; 5-USB to serial converter; 6-Seeding material (bottle of 250 ml); 7-AC/DC
voltage transformer, 24 V DC; 8-International kit with AC plugs; 9-USB memory stick with
Vectrino software.

3.3.5 Laser distance meter

Laser distance meters are utilized to precisely measure the distance between objects without
physical contact, employing laser technology for this purpose. The grid point was measured
using a Laser Distance Meter, specifically the DISTOTM D110 model, as shown in Fig. 3.7.
It is important to note that these measurements were taken after the sand bed had been
thoroughly dried. This ensured the accuracy and reliability of the grid point data.

Fig. 3.7. Laser Distance Meter.

3.3.6 Flow meter

A Flow Meter is a device designed to monitor, measure, or record the flow rate, pressure, or
discharge of liquids or gases. It serves a crucial role in various applications across industries,
ensuring precise management and control of fluid dynamics. In our experiment, we used a
flow meter to measure the discharge rate, as depicted in Fig. 3.8. Specifically, we employed
the DASMESH model flow meter for these measurements, ensuring the acquisition of precise
and dependable data for our analysis.
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Fig. 3.8. Flow Meter.

3.4 General experimental procedure

The present study focuses on examining the scour profile around an oblong pier with an
oblong collar under clear water conditions. Detailed descriptions of the experimental setup
and study conditions are provided. All experiments were conducted at the Fluvial Hydraulic
Laboratory of the School of Water Resources Engineering at Jadavpur University, Kolkata,
India. The experiments were conducted with a constant water depth of 11.5 cm and a
discharge rate of 25.5 I/s. The Froude number (Fr) ranged from 0.17 to 0.29.

The oblong pier was first placed at the center of the flume. Prior to each experiment,
meticulous attention was given to levelling the sand bed uniformly along the entire length
of the flume and perpendicular to the pier with the collar. Subsequently, the bed level was
measured using a point gauge at random locations to ensure the flume's levelness. The
preparation of the sand bed played a crucial role in the experiment, as any unevenness or
flaws in the channel bed could potentially compromise the integrity of the experiment.

To initiate the experiment, the flume is gradually filled with water to the desired depth.
Extra caution is exercised during this process, particularly for experiments where sediment
movement is restricted. Any irregularities in the bed surface could lead to the formation of
ripples, dunes, or general sand movement if the shear stress approaches the critical threshold
on the smooth bed.

Once the water level is reached, the pump is activated, and the flow rate is adjusted
using control valves and a bypass valve. Simultaneously, the tailgate is adjusted to maintain
the desired depth consistently throughout the experiments. Throughout the testing period, the
location and extent of maximum scour depth are continuously recorded.

The frequency of scour depth measurements varied during the test, with more frequent
readings taken during the initial hour and less frequent readings as the test progressed. The
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maximum scouring rate typically occurs between 1 to 3 hours into the experiment, decreasing
in frequency thereafter.

All experiments run for a duration of 6 to 7 hours. Upon completion, the pump is
stopped to allow the flume to gradually drain without disturbing the scour topography. The
scour area is then measured using a laser distance sensor (LDS), and contour lines of different
collar and pier dimensions are analyzed using Surfer software.

The above section outlines the methodology adopted in the present study. While various
researchers in the literature have used different methodologies, we identified several
parameters that affect temporal scour depth. Consequently, a dimensionless framework
incorporating all these parameters is presented in the next chapter.
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Chapter 4

Dimensionless Analysis

In this chapter, a comprehensive dimensionless analysis of the experimental parameters from
the current study is conducted. This analysis aims to provide a deeper understanding of the
underlying relationships and behaviors observed in the experimental data by eliminating units
and focusing on the relative magnitudes and interactions of the parameters involved.
Development of scour depth ds changed with temporal time ¢ can be a function of

d = f,(B,h,H,D,,D, W,L,L*,KS,G,p,ps,ag,Fr,U,Uc,t) 4.1)
where, d; is the depth of scour with time 7 and the dimension of d; is [L] or [M ‘L'T 0]

p 1s fluid density for flow which has a dimension of [ML‘3 ] or [M 'r 0]

h is the depth of flow and the dimension of 4 is [L] or [M LT 0]

U is the mean velocity of flow and the dimension is [LT ’1] or [M ‘LT _l}

D, is the mean size of sand particles which has an also dimension of length [L] or [M ‘LT 0]

P, 1s sediment density and the dimension of o, is [ M];3] or [ M'L°T O]

U. is critical flow velocity having a dimension the same as the mean velocity of flow [ LT ’1]
or [ M'LT™]

L is the pier length which has a dimension of [L] or [M LT 0]

D is the pier width which has a dimension of [L] or [M ‘L'T 0]

L" is the collar length which has a dimension of [L] or [M LT 0]

W is the collar width which has a dimension of [L] or [M 'L'T 0]

H is the height of the collar above the bed which has a dimension of [L] or [MOLITO}

@ is the pier skewed angle which has a dimensionless of [M ‘L'T 0]

K is the pier shape factor which has a dimensionless of [M ‘I'T 0]
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Fr is the Froude Number which has a dimensionless of [M ''r O]
o, 1s Standard Deviation which has a dimensionless of [M ‘'t O]
B is the width of the channel which has a dimension of [L] or [M 'r'r O]

t is the temporal time which has a dimension of [T ] or [M OLOTI]

Now, the Buckingham Pi theorem is used to determine the dimensionless parameters.
The theorem states that if there are m number of variables and n fundamental dimensions,
then there will be (m - n) i terms.
The total number of variable (m)= 18
And the number of fundamental dimensions is M (mass), L (length), and 7" (time).
Therefore, n = 3.
Hence the number of mterms =m —n =18 -3 =15

fe(m, 7wy, 7ty .. .rs) =0 4.2)
After considering the repeating variables of Eq. (1) as per Buckingham Pi theorem, a

total of 15 numbers of Pi (72') terms are identified and they are presented as follows.

r, =WU" pds (4.3)
T, = WU p”B (4.4)
7, =Wo3U” p%h (4.5)
T, =W U p*H (4.6)
g =WeU” p” Dy, 4.7)
m, =W*U" p°D (4.8)
7, =W7U" p'U. (4.9)
7, =W* U p*L (4.10)
m, =W*eU” p°L (4.11)
7, =W U™ p™°K (4.12)
m, =WU™M pt'e (4.13)
7, =WU p P Fr (4.14)
my =WrU pPo, (4.15)
7, =WRU™ p™ p. (4.16)
7 = WU pt 4.17)
1. Now for the first 77 terms we can write-
7, =W"U" pds (4.18)

Now expressing individual parameters in basic dimension in Eq. (4.18), it yields,
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bl

MLT =(M°LT° )“1 (M°LT) (M'L°T° )“ (M°LT°) (4.19)

Eq. (4.19), further yields
MOIOTO = (MOLalTO)(MOLblT—bl )(MCIL—SCITO ) (MOLITO) (4.20)
Equating the power of M, L and T on either side we get the value of a/, b/ and ¢/ and

by putting this value in the above 77 term we get the 1% non-dimensional term from Eq. (4.20)
as expressed below.

T, = % (4.21)
2. Similarly we can write 2°¢ 7 term as-
7z, =W*U" p"'B (4.22)
Now expressing individual parameters in basic dimension in Eq. (4.22), yields,
MLT =(MLT) " (MLT ) (ML) (MOLT) (4.23)
Eq. (4.23), further yields
MOI°T® = (MoLazTo )(MoLszsz )(MchfsczTo )(MOLITO) (4.24)

Equating the power of M L and T on either side we get the value of a2, b2 and c2 and
by putting this value in the above 77 term we get the 2°¢ non-dimensional term as

T, = 7 (4.25)
3. Similarly we can write 3™ 7 term as-
7, =WU” p%h (26)
Now expressing individual parameters in basic dimension in Eq. (4.26), yields,
ML =(M°LT ) (MOLT ) (MLPTe) (ML) (4.27)
Eq. (4.27), further yields
MOIOT = (MoLa,%To)(MoLbsTfM )(Mc3Lf3c3T0 ) (MOLITO) (4.28)

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 77 term we get the 3™ non-dimensional term as

h
T, = W (4.29)
4. Similarly we can write the 4™ 77 term as-
w, =W*U" pH (4.30)
Now expressing individual parameters in basic dimension in Eq. (4.30), yields,
ML =(MLT) " (MoLT Y (ML) (MOLT) (4.31)
Eq. (4.31), further yields
MOIOT® = (MoLa4T0 )(MOLMT*M )(MC4L73C4T0 )(MOLITO) (4.32)

56



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 77 term we get the 4™ non-dimensional term as

5. Similarly we can write the 5" 77 term as-
7, =WeU” p Dy,
Now Expressing individual parameters in basic dimension in Eq. (4.34), yields,
ML =(MLT)” (MOLT ) (MLPT) (MLT?)
Eq. (4.35), further yields
MOIOT® = (MoLasTo )(MoLbsbes )(MCSL—305TO )(MOLITO)

(4.33)

(4.34)

(4.35)

(4.36)

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 the 5 non-dimensional term as

_ Dy

W

6. Similarly we can write the 6 77 term as-
72_6 — WaéUprc6D

Now expressing individual parameters in basic dimension in Eq. (4.38), yields,
c6

MOIT® = (MoLlTo )“6 (MOLlel)bG (M1L73To) (MOLITO)
Eq. (4.39), further yields
MoLoTo _ (MOLaéTO )(MOLb6T—b6)(Mc6L—3c6TO )(MOLITO)

(4.37)

(4.38)

(4.39)

(4.40)

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 the 6 non-dimensional term as

Ty =—

w

7. Similarly we can write the 7 7 term as-
7z, =WU" p'U,
Now expressing individual parameters in basic dimension in Eq. (4.48), it yields,
mrr? =(merre) (ML (M) (Mo
Eq. (4.43), further yields
MCIOT® = (MoLa7T0 )(MOLb7T—b7 )(MC7L73C7T0 )(MOLlel)

(4.41)

(4.42)

(4.43)

(4.44)

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 the 7" non-dimensional term as

(4.45)
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8. Similarly we can write the 8" 7 term as-

7, =WeU p=L (4.46)
Now expressing individual parameters in basic dimension in Eq. (4.46), it yields,
ML = (ML) (ML) (M) (MOLT) (4.47)
Eq. (4.47), further yields
MOIT® = (MoLasTo)(MoLbsbes)(McsLﬁ%cho ) (MOLITO) (4.48)

Equating the power of M L and T on either side we get the value of a8, b8 and ¢8 and
by putting this value in the above 77 term we get the 8" non-dimensional term as

L
Ty = 7 (4.49)
9. Similarly we can write the 9" 7 term as-
T, = WU p°L (4.50)
Now Expressing individual parameters in basic dimension in Eq. (4.50), it yields,
MLT = (M°LT)" (M°LT ) (ML T°)” (M°L'T*) (4.51)
Eq. (4.51), further yields
MLT =(M°L°T° ) (M LT ) (ML T°)(M°L'T") (4.52)

Equating the power of M L and T on either side we get the value of a9, b9 and ¢9 and
by putting this value in the above 7 term we get the 9™ non-dimensional term as

L
Ty = W (4.53)
10. Similarly we can write the 10" 7 term as-
7 = WU p K, (4.54)
Now Expressing individual parameters in basic dimension in Eq. (4.54), it yields,
ML =(M°L1) " (ML) (ML) (MO LT (54.5)

Eq. (4.55), further yields
MOI°T® = (MOLaIOTO)(MOLbIOT—bIO )(MCIOL—3CIOTO )(MOLOTO) (4.56)
Equating the power of M L and T on either side we get the value of a10, b10 and c10
and by putting this value in the above 7 term we get the 10" non-dimensional term as

o =K, (4.57)
11. Similarly we can write the 11% 77 term as-
7, =wWhU pt'e (4.58)
Now Expressing individual parameters in basic dimension in Eq. (4.58), it yields,
mMerr = (ML) (merr ) (M) (M) (4.59)

Eq. (4.59), further yields
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MOIOT® = (MOLallTO )(MOLbllebll )(MC“L%C“TO)(MOLOTO) (4.60)
Equating the power of M L and T on either side we get the value of all, b1l and c11

and by putting this value in the above 7 term we get the 11™ non-dimensional term as
m, =0 (4.61)
12. Similarly we can write the 12 7 term as-
7, = WU p?Fr (4.62)
Now expressing individual parameters in basic dimension in Eq. (4.62), yields,
MLT =(MOLT ) (ML) (ML) (MO (4.63)
Eq. (4.63), further yields
MOIOT® = (MoLalzTo )(MOLbIZT—bIZ )(MCIZL%CIZTO)(MOLOTO) (4.64)

Equating the power of M L and T on either side we get the value of al12, b12 and c12
and by putting this value in the above 7 term we get the 12" non-dimensional term as
m, =Fr (4.65)

13. Similarly we can write the 13" 77 term as-

7, =WU plo, (4.66)
Now Expressing individual parameters in basic dimension in Eq. (4.66), it yields,
M =(mor )" (merr ) (M) (M) (4.67)
Eq. (4.67), further yields
MOIOT = (MOLaISTO)(MOLbIST—bB ) (MclsL-sclsTo )(MOLOTO) (4.68)

Equating the power of M L and T on either side we get the value of al3, b13 and c13
and by putting this value in above 7 term we get the 13™ non-dimensional term as

7y =0, (4.69)
14. Similarly we can write the 14" 7 term as-
7T, = WU p™Mp, (4.70)
Now expressing individual parameters in basic dimension in Eq. (4.70), it yields,
MLT = (ML) (ML) (ML) (ML) 4.71)

Eq. (4.71), further yields
MOIOT = (MoLamTo )(MoLb14T7b14 )(Mc14L73c14T0 ) (MIL%TO) 4.72)
Equating the power of M L and T on either side we get the value of al4, b14 and c14
and by putting this value in the above 77 term we get the 14™ non-dimensional term as
Ps

Ty, === (4.73)
P
15. Similarly we can write the 15" 7 term as-
7, = WU pty (4.74)

Now expressing individual parameters in basic dimension in Eq. (4.74), yields,
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MLT =(M°LT°)" (MLT ) (ML) (MOLT) (4.75)
Eq. (4.76), further yields
MOI°T° = (MOLMSTO)(MOLblST—bIS )(MCISL—.%ISTO )(MOLOTl) (4.76)
Equating the power of M, L and T on either side we get the value of 15, b15 and c15
and by putting this value in the above 77 term we get the 15" non-dimensional term as
Ut
s = W
Now the non-dimensional group will be in the following form-
fle B2 0Dy DU LL g 50,2 <o 4.78)
wwww w w UWwWw o W

By re-arranging the above dimensionless group, we can write the above equation as follows

(4.77)

do_ W B h Dy Uc L ppgpo H LU (4.79)
D D DD D U D D pD D
Removing independent pi terms from the above equation
d w L L Ut
s A i 4.80
D f“(D D’D Dj (4.80)

We have identified fifteen pi terms, among which four are dependent on dy/D. The
remaining Pi terms do not vary with the non-dimensional scour depth. The relationships
between ds/D and W/D, L*/D, L/D, and Ut/D are presented in graphs in the subsequent
chapter, where the development of the non-dimensional temporal scour depth is also
discussed.
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Chapter 5

Results and discussion

The present chapter discusses the findings of the present experiential works on scour
reduction around an oblong pier equipped with an oblong collar. The chapter also deals with
the scour depth reduction by the use of a collar compared to the pier without any collar.
Different geometrical variations of the collar are used to identify suitable collar demotions. It
is to be mentioned that two different sizes of pier are used for the present analysis. The present
experimental work is carried out under the constant flow condition of flowing water and
constant depth of flow. The experiments are conducted under clear water conditions. Different
constant parameters that are used for the present experiments are presented in Table 3.2. It is
to be mentioned that ten different combinations of pier length to pier width ratio (Z/D) and
collar width to pier width ratio (W/D) are used for ten different experiments. Apart from that
two cases are conducted without fitting the collar to the pier. Hence 12 different experiments
are carried out and the corresponding W/D and L/D values are presented in Table 5.1.

Table 5.1. Experiment details.

Exp. number L/D wiD
Without collar
1.5
4 2.0
2.5
3.0
3.5
Without collar
1.5
2.0
2.5
3.0
3.5

N R I = NV NS I SR

—
[\

The details of the experimental apparatus are presented in Table 5.2.
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Table 5.2. Experiment apparatus details.

SL Experiential Details
Number apparatus
1 CANON camera Canon EOS 77D DSLR Camera with 18-55mm
Lens
2 ADV meter
3 Laser Distance Meter
4 Flow Meter
5 Pump
6 Sand 0.724 mm
7 Water Normal clear water

Images of sand bed before the flow of water and after the flow of water with the visible
presence of scour are captured with CANON made camera. To water depth of the flow was
maintained at a constant label by regulating the gate valve of the flume manually. The
discharge of the flow is measured by a flow meter that is mounted on the pump exit. The
temporal scour of the sand bed is measured during the experiment by acoustic Doppler
velocimetry (ADV). After that when the equilibrium time is reached, the water is released and
the scour depth of the dry- sand bed is measured by a Laser Distance Meter (LDM). It is to
be mentioned that, when the scour rate reaches below 1 mm/hour, the equilibrium condition
is considered. Finally, the data of experiential operation are fitted to the Golden software
Surfer software edition and the scour contour is generated for further analysis. Also, the data
are fitted to Origin graph plot software, 2022 edition to generate the temporal variation of the
scour on the sand bed for further parametric comparisons. Different cases of experiments and
the corresponding comparisons are presented in succeeding sections accordingly.
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5.1 Scour depth calculation for L/D = 4

A total of six sets of experiments are conducted to investigate the scour depth in dry-sand at
different positions around the pier (both the case of with and without collar) considering the
pier length to pier width dation equal to 4. It is to be mentioned that a total of five collar width
to pier width ratios varying from 1.5 to 3.5 are used for the study. The findings of the different
cases are explained in sections 6.1.1 and 6.1.6, respectively. It is to be mentioned that for all
the cases a velocity of water 27.3 cm/s is used around the flume.

5.1.1 Pier without collar

Initially, an experiment is conducted considering a simple oblong pier without any collar.
having length to width ratio of 4. Figure 5.1 represents the dry-sand bed of this case before
the commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 9 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.2
indicates the visible presence of scour at the upstream (0°) and both sides of the pier (45°).
However, at 45° position, there is little deposition of sand. There is little scour at the position
of 135°. There is visible deposition of sand at the downstream of the pier (180°).

Fig. 5.1. Sand bed before experimental run for without collar, and /D= 4.
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Fig. 5.2. Scour bed around the pier after experimental run for without collar, and L/D= 4.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.3. In the contour, the pier is presented with deep grey
color. The positive and negative values of contour lines represent the deposition and scour,
respectively. The contour predictions are almost equivalent to the actual captured image of
the experiment shown in Fig. 5.2. Figure 5.3 indicates the presence of maximum scour near
the position of angle 0°. The maximum scour depth is 3.344 cm.

204 All contours in cm |
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5
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100 80 60 40, . em?20 0 -20

Fig. 5.3. Contour map of scour bed without collar for L/D= 4.
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Fig. 5.4. Temporal variation of scour depth in non-dimensional form for different ¢ without
collar, and L/D= 4.

The temporal variation of the scour depth is studied and presented in Fig. 5.4 for
different positions around the collar. The figure indicates that the non-dimensional scour
depth increases rapidly with non-dimensional time for 0° and 45° cases initially. Later the
increment rate is sloth and after around 4 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for the 135° case initially
compared to the previous cases. Figure 5.4 also indicates the deposition of sand for the cases
of 90° and 180° respectively. The rate of deposition is higher for the case of 180° compared to
the case of 90°. For all the cases, both for the scour and deposition, the experimental data are
fitted to the exponential data fit and for all the cases, the R? value remains between 0.98 to
0.99.

5.1.2 Pier with collar W/D= 3.5

The experiment is conducted considering the oblong pier with the collar having the collar
width to pier width ratio of 3.5. Figure 5.5 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 5 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.6
indicates the visible presence of scour at the downstream (135%). However, at 180° position,
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there is little scour of sand. There is very little scour rate at the positions of 0°, 45° and 90°.
There is visible deposition of sand at the downstream of the collar.

Fig. 5.5. Sand bed before experimental run for W/D= 3.5, and L/D= 4.

Fig. 5.6. Scour bed around the collar after experimental run for W/D= 3.5, and L/D= 4.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.7. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.7. Figure 5.7

indicates the presence of maximum scour near the position of angle 135°. The maximum scour
depth is 2.13 cm.
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Fig. 5.7. Contour map of scour bed for W/D=3.5, and L/D= 4.

The temporal variation of the scour depth is studied and presented in Fig. 5.8 for
different positions around the collar. The figure indicates that the non-dimensional scour
depth increases rapidly with non-dimensional time for 180° and 135° cases initially. Later the
increment rate is sloth and after around 2 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for the 0°, 45° and 90° cases
initially compared to the previous cases. For all the cases, the experimental data are fitted to
the exponential data fit and for all the cases, the R? value remains within 0.97 to 0.98.
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Fig. 5.8. Temporal variation of scour depth in non-dimensional form for different ¢ W/D=
3.5,and L/D= 4.
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5.1.3 Pier with collar W/D=3

The experiment is conducted considering the oblong pier with the collar. It has a collar width
to pier width ratio of 3. Figure 5.9 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 6 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.10
indicates the visible presence of scour at the downstream (135%). However, at 180° position,
there is little scour of sand. There is very little scour rate at the position of 90°, 45° and 0°.
There is visible deposition of sand at the downstream of the collar.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.11. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.11. Figure 5.11
indicates the presence of maximum scour near the position of angle 135°. The maximum scour
depth is 2.1 cm.

Fig. 5.9. Sand bed before experimental run for W/D= 3, and L/D= 4.
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Fig. 5.10. Scour bed around the collar after experimental run for W/D= 3, and L/D= 4.
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Fig. 5.11. Contour map of scour bed for W/D=3, and L/D= 4.

The temporal variation of the scour depth is studied and presented in Fig. 5.12 for
different positions around the collar. The figure indicates that the non-dimensional scour
depth increases rapidly with nondimensional time for 180° and 135° cases initially. Later the
increment rate is sloth and after around 2 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for the 0°, 45° and 90° cases
initially compared to the previous cases. For all the cases, both for the scour and deposition,
the experimental data are fitted to the exponential data fit and for all the cases, the R? value
remains between 0.97 to 0.98.

69



Flow direction *o p=0° . ... Exp fit of $p=0°
044, . ® ¢=45° —.— Exp fit of p=45°
% 7180 0° 0
0 $¢=90° -..- Exp fit of $=90°
90° L =135 Exp fit of ¢p=135°
* ¢=180° - - Exp fit of p=180°

N N N Y N \

£
Ay A} =

4
»

0.1 1

g
%ﬁﬁm A R R R
0.0 4

0 20000 40000 60000 80000

UvD
Fig. 5.12. Temporal variation of scour depth in non-dimensional form for different ¢ W/D=
3,and L/D=4.

5.1.4 Pier with collar W/D= 2.5

The experiment is conducted considering the oblong pier with the collar. It has a collar width
to pier width ratio of 2.5. Fig. 5.13 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by the blue arrow mark in the
figure. A flow of water inside the flume is continued for 6.5 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.14
indicates the visible presence of scour at the downstream (135°). However, at 180° position,
there is little scour of sand. There is very little deposition at the position of 90° and 45°. There
is visible deposition of sand at the downstream of the collar.
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Fig. 5.13. Sand bed before experimental run for W/D= 2.5, and L/D= 4.

Fig. 5.14. Scour bed around the collar after experimental run for W/D= 2.5, and L/D= 4.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.15. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.15. Figure 5.15

indicates the presence of maximum scour near the position of angle 135°. The maximum scour
depth is 2.19 cm.
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Fig. 5.15. Contour Map of scour bed for W/D=2.5, and L/D= 4.
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Fig. 5.16. Temporal variation of scour depth in non-dimensional form for different ¢ W/D=
2.5,and L/D=4.

The temporal variation of the scour depth is studied and presented in Fig. 5.16 for
different positions around the collar. The figure indicates that the non-dimensional scour
depth increases rapidly with non-dimensional time for 180° and 135° cases initially. Later the
increment rate is sloth and after around 2 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for the 0°, 45° and 90° cases
initially compared to the previous cases. For all the cases, both for the scour and deposition,
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the experimental data are fitted to the exponential data fit and for all the cases, the R? value
remains between 0.97 to 0.98.

5.1.5 Pier with collar W/D=2

The experiment is conducted considering the oblong pier with the collar. It has a collar width
to pier width ratio of 2. Figure 5.17 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 8 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.19
indicates the visible presence of scour at the upstream (0°), side of the collar (45°) and
downstream (135°). However, 180° position, there is little scour of sand. There is very little
deposition at the position of 90°. There is visible deposition of sand at the downstream of the
collar.

Fig. 5.17. Sand bed before experimental run for W/D= 2, and L/D= 4.

Fig. 5.18. Scour bed around the collar after experimental run for W/D= 2, and L/D= 4.
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The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Figure 5.19. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.18. Figure 5.19
indicates the presence of maximum scour near the position of angle 135°. The maximum scour
depth is 2.3 cm.
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Fig. 5.18. Contour map of scour bed for W/D= 2, and L/D= 4.
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Fig. 5.19. Temporal variation of scour depth in non-dimensional form for different ¢ W/D=
2,and L/D=4.
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The temporal variation of the scour depth is studied and presented in Fig. 5.20 for
different positions around the collar. The figure indicates that the non-dimensional scour
depth increases rapidly with non-dimensional time for 0° and 45° cases initially. After some
time, scour depth increases at the position of 135°. Later the increment rate is sloth and after
around 3 hours, the scour rate almost remains unchanged and equilibrium is reached.
However, there is a lower rate of scour for the 180° case initially compared to the previous
cases. Fig. 5.20 also indicates the deposition of sand for the cases of 90°. The rate of deposition
is slow for the case of 90°. For all the cases, both for the scour and deposition, the experimental
data are fitted to the exponential data fit and for all the cases, the R? value remains between
0.98 to 0.99.

5.1.6 Pier with collar W/D=1.5

The experiment is conducted considering an oblong pier with a collar. It has a collar width to
pier width ratio of 1.5. Figure 5.21 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 7.5 hours to achieve the equilibrium
scour depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.22
indicates the visible presence of scour at the upstream (0°) and side of the collar (45°).
However, at 135° position, there is little scour of sand. There is very little deposition at the
position of 90° and 180°. There is visible deposition of sand at the downstream of the collar.

Fig. 5.21. Sand bed before experimental run for W/D= 1.5, and L/D= 4.
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Fig. 5.22. Scour bed around the collar after experimental run for W/D= 1.5, L/D= 4.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.23. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.23. Figure 5.23
indicates the presence of maximum scour near the position of angle 0°. The maximum scour
depth is 2.8 cm.
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Fig. 5.23. Contour Map of scour bed for W/D= 1.5, and L/D= 4.

The temporal variation of the scour depth is studied and presented in Fig. 5.24 for
different positions around the collar. The figure indicates that the non-dimensional scour
depth increases rapidly with non-dimensional time for 0° and 45° cases initially. Later the
increment rate is sloth and after around 3 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for the 180°, 135° and 90°
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cases initially compared to the previous cases. For all the cases, the experimental data are
fitted to the exponential data fit and for all the cases, the R? value remains within 0.98 to 0.99.
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Fig. 5.24. Temporal variation of scour depth in non-dimensional form for different ¢ W/ D=
1.5, and L/D= 4.

5.2 Scour depth calculation for L/D =2

A total of six other experiments are conducted to investigate the scour depth in dry-sand at
different positions around the pier and collar (both the case of with and without collar)
considering the pier length to pier width dation equal to 2. It is to be mentioned that a total of
five collar width to pier width ratios varying from 1.5 to 3.5 are used for the study. The
findings of the different cases are explained in sections 6.2.1 and 6.2.6 respectively. It is to be
mentioned that for all the cases a velocity of water 27.3 cm/s is used around the flume.

5.2.1 Pier without collar

Initially, an experiment is conducted considering a simple oblong pier without any collar.
having length to width ratio of 2. Fig. 5.25 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 9 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.26
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indicates the visible presence of scour at the upstream (0°) and on both sides of the pier (45°).
However, at 180° position, there is a little deposition of sand. There is little scour at the
position of 90°. There is a visible deposition of sand at the downstream of the pier (135°).

Fig. 5.25. Sand bed before the experimental run for without collar, and L/D=2.

Fig. 5.26. Scour bed around the pier after experimental run for without collar, and L/D=2.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.27. In the contour, the pier is presented with deep grey
color. The positive and negative values of contour lines represent the deposition and scour,
respectively. The contour predictions are almost equivalent to the actual captured image of
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the experiment shown in Fig. 5.26. Figure 5.27 indicates the presence of maximum scour near
the position of angle 0°. The maximum scour depth is 3.72 cm.
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Fig. 5.27. Contour map of scour bed for without collar, and L/D=2.
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Fig. 5.28. Temporal variation of scour depth in non-dimensional form for different ¢
without collar, and L/D=2.

The temporal variation of the scour depth is studied and presented in Fig. 5.28 for
different positions around the pier. The figure indicates that the nondimensional scour depth
increases rapidly with nondimensional time for 0° and 45° cases initially. Later the increment
rate is sloth and after around 4 hours, the scour rate almost remains unchanged and
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equilibrium is reached. However, there is a lower rate of scour for the 90° case initially
compared to the previous cases. Figure 5.28 also indicates the deposition of sand for the cases
of 135°and 180° respectively. The rate of deposition is higher for the case of 180° compared
to the case of 135°. For all the cases, both for the scour and deposition, the experimental data
are fitted to the exponential data fit and for all the cases, the R? value remains between 0.98
to 0.99.

5.2.2 Pier with collar W/D= 3.5

The experiment is conducted considering an oblong pier with a collar. It has a collar width to
pier width ratio of 3.5. Figure 5.28 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 6 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.29
indicates the visible presence of scour at the downstream (135%). However, at 180° position,
there is little scour of sand. There is very little scour rate at the positions of 0°, 45° and 90°.
There is visible deposition of sand at the downstream of the collar.

Fig. 5.29. Sand bed before the experimental run for W/D= 3.5, and L/D=2.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.31. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.30. Figure 5.31
indicates the presence of maximum scour near the position of angle 135°. The maximum scour
depth is 1.574 cm.
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Fig. 5.30. Scour bed of sand after experimental run for W/D= 3.5, and L/D=2.
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Fig. 5.31. Contour map of scour bed (W/D=3.5, L/D=2).

The temporal variation of the scour depth is studied and presented in Fig. 5.32 for
different positions around collar. The figure indicates that the non-dimensional scour depth
increases rapidly with non-dimensional time for 180° and 135° cases initially. Later the
increment rate is sloth and after around 2 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for the 0°, 45° and 90° cases
initially compared to the previous cases. For all the cases, the experimental data are fitted to
the exponential data fit and for all the cases, the R? value remains within 0.98 to 0.99.
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Fig. 5.32. Temporal variation of scour depth in non-dimensional form for different ¢ W/D=
3.5, and L/D=2.

5.2.3 Pier with collar W/D=3

The experiment is conducted considering an oblong pier with a collar. It has a collar width to
pier width ratio of 3. Fig. 5.33 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 6 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.34
indicates the visible presence of scour at the downstream (135%). However, at 180° position,
there is little scour of sand. There is very little scour rate at the position of 90°, 45° and 0°.
There is visible deposition of sand at the downstream of the collar.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.35. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.34. Figure 5.35
indicates the presence of maximum scour near the position of angle 135°. The maximum scour
depth is 1.94 cm.
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Fig. 5.33. Sand bed before the experimental run for W/D=3, and L/D=2.

Fig. 5.34. Scour bed around the collar after experimental run for W/D= 3, and L/D=2.

The temporal variation of the scour depth is studied and presented in Fig. 5.36 for
different positions around collar. The figure indicates that the nondimensional scour depth
increases rapidly with nondimensional time for 180° and 135° cases initially. Later the
increment rate is sloth and after around 3 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for the 0°, 45° and 90° cases
initially compared to the previous cases. For all the cases, both for the scour and deposition,
the experimental data are fitted to the exponential data fit and for all the cases, the R? value
remains between 0.98 to 0.99.
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Fig. 5.35. Contour map of scour bed for W/D=3, and L/D=2.
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Fig. 5.36. Temporal variation of scour depth in non-dimensional form for different ¢ W/D=
3, and L/D=2.

5.2.4 Pier with collar W/D= 2.5

The experiment is conducted considering an oblong pier with a collar. It has a collar width to
pier width ratio of 2.5. Figure 5.37 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
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figure. A flow of water inside the flume is continued for 6 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.38
indicates the visible presence of scour at the downstream (135°). However, at 180°, 90° and
45° position, there is little scour of sand. There is a visible deposition of sand at the
downstream side of the collar.

Fig. 5.38. Scour bed around the collar after experimental run for W/D= 2.5, and L/D=2.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Figure 5.39. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
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equivalent to the actual captured image of the experiment shown in Fig. 5.38. Figure 5.39

indicates the presence of maximum scour near the position of angle 135°. The maximum scour
depth is 1.73 cm.
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Fig. 5.39. Contour map of scour bed for W/D=2.5, and L/D= 2.
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Fig. 5.40. Temporal variation of scour depth in non-dimensional form for different ¢ for
W/D= 2.5, and L/D=2.

The temporal variation of the scour depth is studied and presented in Figure 5.40 for
different positions around collar. The figure indicates that the nondimensional scour depth
increases rapidly with nondimensional time for 180° and 135° cases initially. Later the
increment rate is sloth and after around 3 hours, the scour rate almost remains unchanged and
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equilibrium is reached. However, there is a lower rate of scour for the 0°, 45° and 90° cases
initially compared to the previous cases. For all the cases, the experimental data are fitted to
the exponential data fit and for all the cases, the R? value remains within 0.98 to 0.99.

5.2.5 Pier with collar W/D=2

The experiment is conducted considering an oblong pier with a collar. It has a collar width to
pier width ratio of 2. Fig. 5.41 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction in presented by a blue arrow mark in the
figure. A flow of water inside the flume is continued for 6 hours to achieve the equilibrium
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.42
indicates the visible presence of scour at the side of the collar (45° and 90°). However, at 0°
and 135° positions, there is little scour of sand. There is very little deposition at the position
of 180°. There is visible deposition of sand at the downstream of the collar.

Fig. 5.41. Sand bed before experimental run for W/D= 2, and L/D=2.
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Fig. 5.42. Scour bed around the collar after experimental run for W/D= 2, and L/D=2.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.43. In the contour, the pier is presented by deep grey
color and the collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.42. Figure 5.43
indicates the presence of maximum scour near the position of angle 45°. The maximum scour
depth is 2.013 cm.
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Fig. 5.43. Contour map of scour bed for W/D=2, and L/D=2.

The temporal variation of the scour depth is studied and presented in Fig. 5.44 for
different positions around the collar. The figure indicates that the nondimensional scour depth
increases rapidly with nondimensional time for 45° and 90° cases initially. Later the increment
rate is sloth and after around 3 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for the 0° and 135° cases
initially compared to the previous cases. Figure 5.44 also indicates the deposition of sand for
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the cases of 180°. The rate of deposition is slow for the case of 180°. For all the cases, both
for the scour and deposition, the experimental data are fitted to the exponential data fit and
for all the cases, the R? value remains between 0.98 to 0.99.
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Fig. 5.44. Temporal variation of scour depth in non-dimensional form for different ¢ W/D=
2, and L/D=2.

5.2.6 Pier with collar W/D=1.5

The experiment is conducted considering an oblong pier with a collar. It has a collar width to
pier width ratio of 1.5. Figure 5.45 represents the dry-sand bed of this case before the
commencement of the flow. The flow direction is presented by a blue arrow mark in the figure.
A flow of water inside the flume is continued for 6 hours to achieve the equilibrium scour
depth. Later, releasing the water from the flume, the dry sand bed as shown in Fig. 5.46
indicates the visible presence of scour at the upstream (0°) and side of the collar (45°).
However, at the 90° position, there is little scour of sand. There is very little deposition at the
position of 135° and 180°. There is visible deposition of sand at the downstream of the collar.
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Fig. 5.45. Sand bed before the experimental run for W/D= 1.5, and L/D=2.

Fig. 5.46. Scour bed around the collar after experimental run for W/D= 1.5, and L/D=2.

The dry-sand scour data are collected and fitted to surfer software. The contour is
generated and it is presented in Fig. 5.47. In the contour, the pier is presented by deep grey
color and collar is presented by ruby red color. The positive and negative values of contour
lines represent the deposition and scour, respectively. The contour predictions are almost
equivalent to the actual captured image of the experiment shown in Fig. 5.46. Figure 5.47

indicates the presence of maximum scour near the position of angle 0°. The maximum scour
depth is 2.46 cm.
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Fig. 5.47. Contour map of scour bed for W/D= 1.5, and L/D=2.
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Fig. 5.48. Temporal variation of scour depth in non-dimensional form for different ¢ W/D=
1.5, and L/D=2.

The temporal variation of the scour depth is studied and presented in Fig. 5.48 for
different positions around the collar. The figure indicates that the non-dimensional scour
depth increases rapidly with nondimensional time for 0° and 45° cases initially. Later the
increment rate is sloth and after around 3 hours, the scour rate almost remains unchanged and
equilibrium is reached. However, there is a lower rate of scour for 90° and 135° positions
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initially compared to the previous cases. Fig. 5.48 also indicates the deposition of sand for the
cases of 180°. The rate of deposition is slow for the case of 180°. For all the cases, both for
the scour and deposition, the experimental data are fitted to the exponential data fit and for
all the cases, the R? value remains between 0.98 to 0.99.

5.3 Comparisons of scour depth for different angles of scour position

The temporal scour depth for a particular position around the collar, for different W/D ratios
is studied and presented in this section. It is to be mentioned that the said study is carried out
for different L/D ratios respectively. The scour depth for a particular position is further
compared with the case of without the collar.
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Fig. 5.49. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=4, and ¢=0°.

Figure 5.49 represents the nondimensional temporal scour depth variation for 0° case
and L/D ratio = 4. The figure indicates that the trend of variation of scour depth is almost
equivalent for different W/D ratios. However, the slope and intensity of variation are different.
With the increasing W/D ratio, the scour inception diminishes gradually. For a lower W/D
ratio, i.e., W/D=1.5, the scour inception is almost equivalent to the case without the collar.
There is an interesting fact that increasing the /D ratio to just 0.5 i.e., when the WW/D ratio is
2, the scour depth is considerably low compared to the previous case. Minimum scour depth
is present for the case of W/D=2.5. There is higher scour depth for W/D ratio 3 and 3.5
compared to the 2.5 case. However, the change of scour depth for changing the W/D ratio
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from 3 to 3.5, there is no such considerable change in depth. Hence during the design of the
collar, the cost factor and depth cases both have to be co-compared from efficient and
economic perspectives respectively.

Figure 5.50 represents the nondimensional temporal scour depth variation for the 45°
case and L/D ratio =4. The figure indicates that the trend of variation of scour depth is almost
equivalent for different W/D ratios. However, the slope and intensity of variation are different.
With the increasing W/D ratio, the scour inception diminishes gradually. For a lower W/D
ratio, i.e., W/D=1.5, the scour inception is almost equivalent to the case without the collar.
There is an interesting fact that increasing the W/D ratio to just 0.5 i.e., when the W/D ratio is
2, the scour depth is considerably high compared to the previous scour position. Minimum
scour depth is present for the case of W/D=2.5. There is higher scour depth for W/D ratio 3
and 3.5 compared to the 2.5 case. However, for the change of scour depth for changing the
W/D ratio from 3 to 3.5, there is no such considerable change in depth.
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Fig. 5.50. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=4, and ¢=45°.

Figure 5.51 represents the nondimensional temporal scour depth variation for 90° case
and L/D ratio, 4. The figure indicates that the sand deposition is evident in the scenario without
a collar. Importantly, the rate of deposition is slow under this condition. The figure also
demonstrates the trend of variation of scour depth is almost equivalent for different W/D
ratios. However, the slope and intensity of variation are different. With the increasing W/D
ratio, the scour inception does not diminish gradually compared to the previous case. For a
lower W/D ratio, i.e., W/D=1.5, the scour inception is high. There is an interesting fact that
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when the W/D ratio is 3.5, the scour depth is considerably high compared to the previous
scour position. Minimum scour depth is present for the case of W/D=2 and 2.5. There is a
higher scour depth for W/D ratios of 3 and 3.5 compared to the 2 and 2.5 cases. However, the
change of scour depth for changing the W/D ratio from 2 to 2.5, there is no such considerable
change in depth.
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Fig. 5.51. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=4, and ¢$=90°.

Figure 5.52 illustrates the temporal variation of nondimensional scour depth for 135°
cases and L/D ratio of 4. The figure indicates that the trend of variation of scour depth is
almost equivalent for different W/D ratios. However, the slope and intensity of variation are
different. As the W/D ratio increases, the scour does not diminish gradually in comparison to
Figures 4.49 and 4.50. For a lower W/D ratio, i.e., W/D=1.5, the scour inception is almost
equivalent to the case without the collar and the scour depth is lower compared to the other
W/D ratios. Maximum scour depth is present for the case of W/D=2. However, the change of
scour depth for changing the W/D ratio from 2.5 to 3, there is no such considerable change in
depth. An intriguing observation is that when the /D ratio increases to 0.5 and 3, specifically
W/D ratios of 2 and 3.5, there is a higher scour depth compared to the previous case.
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Fig. 5.52. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=4, and ¢=135°.

Figure 5.53 represents the temporal variation of nondimensional scour depth for 180°
case and L/D ratio, 4. The figure demonstrates the trend of variation of scour depth is almost
equivalent for different W/D ratios. However, the slope and intensity of variation are different.
For a lower W/D ratio, i.e., W/D=1.5, the scour inception is almost equivalent to the case
without the collar and scour depth is minimized compared to the previous case. The maximum
scour depth occurs for W/D ratios of 2 and 3.5, with higher scour depths observed for these
ratios compared to the cases of 2.5 and 3. However, the transition from a W/D ratio of 2.5 to
3 shows no significant change in scour depth. This suggests that within this range, slight
adjustments in the /D ratio may not have a substantial impact on the scour depth.
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Fig. 5.53. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=4, and ¢=180°.
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Fig. 5.54. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=2, and ¢=0°.

Figure 5.54 illustrates the temporal variation of nondimensional scour depth for the case
of 0°and L/D ratio of 2. The figure indicates that the trend of variation of scour depth is
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almost equivalent for different W/D ratios. However, the slope and intensity of variation are
different. With the increasing W/D ratio, the scour inception diminishes gradually. For a lower
W/D ratio, i.e., W/D=1.5, the scour inception is almost equivalent to the case without the
collar. There is an interesting fact that increasing the W/D ratio to just 0.5 i.e. when the W/D
ratio is 2, the scour depth is considerably low compared to the previous case. Minimum scour
depth is present for the case of W/D=3. There is a lower scour depth for W/D ratio 3 and 3.5
compared to the 2 and 2.5 cases. However, for the change of scour depth for changing the
W/D ratio from 2 to 2.5, there is no such considerable change in depth. This suggests that
small adjustments in the W/D ratio within this range may not result in substantial variations
in scour depth.
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Fig. 5.55. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=2, and ¢=45°.

Figure 5.55 illustrates the temporal variation of nondimensional scour depth for the case
of 45°and L/D ratio of 2. The figure indicates that the trend of variation of scour depth is
almost equivalent for different W/D ratios. However, the slope and intensity of variation are
different. With the increasing W/D ratio, the scour inception diminishes gradually. For lower
W/D ratios, specifically W/D=1.5 and 2, the onset of scour is nearly comparable to the scenario
without a collar. However, the rate of scouring is diminished in comparison to when there is
no collar present. There is an interesting fact that increasing the W/D ratio just 1.5 i.e., when
the W/D ratio is 2.5, the scour depth is considerably low compared to the previous case.
Minimum scour depth is present for the case of W/D=3. There is a lower scour depth for W/D
ratio 3 and 3.5 compared to the 2 and 2.5 cases. However, the change of scour depth for
changing the W/D ratio from 1.5 to 2, there is no such considerable change in depth. This
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suggests that small adjustments in the /D ratio within this range may not result in substantial
variations in scour depth.
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Fig. 5.56. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=2, and ¢$=90°.

Figure 5.56 illustrates the temporal variation of nondimensional scour depth for the case
of 90° and L/D ratio of 2. The figure indicates that the trend of variation of scour depth is
almost equivalent for different W/D ratios. However, the slope and intensity of variation are
different. With the increasing W/D ratio, the scour inception diminishes gradually. For lower
W/D ratios, specifically W/D=1.5, 2.0 and 2.5, the onset of scour is nearly comparable to the
scenario without a collar. However, the rate of scouring is not reduced compared to the
scenario where there is no collar, as seen in the previous case. An intriguing observation arises
when the W/D ratio is increased to 2, specifically when the W/D ratio reaches 3. At this ratio,
the scour depth notably decreases in comparison to the preceding scenario. The minimum
scour depth is observed in the case where W/D equals 3. Notably, there is a diminished scour
depth for a W/D ratio of 3 compared to the scenario where the ratio is 3.5.

Figure 5.57 illustrates the temporal variation of nondimensional scour depth for the case
of 135°and L/D ratio of 2. The figure indicates that the trend of variation of scour depth is
almost equivalent for different W/D ratios. However, the slope and intensity of variation are
different. As the W/D ratio increases, there is no gradual decrease in scour inception. The
minimum scour depth is notably observed, especially when considering lower W/D ratios,
particularly at values of W/D=1.5 and 2. The figure also indicates the scenario where there is
no collar present to prevent it, sand deposition occurs naturally. The maximum scour depth is
observed for a W/D ratio of 3. However, when altering the /D ratio to 2.5 and 3.5, there is
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negligible change in scour depth. This suggests that minor modifications in the W/D ratio
within this range are unlikely to result in significant alterations in scour depth.
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Fig. 5.57. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=2, and ¢=135°.

Figure 5.58 represents the temporal variation of nondimensional scour depth for the
case of 180°and L/D ratio of 2. The figure shows that scour depth changes similarly across
different W/D ratios, but the slope and magnitude of the change vary. Particularly, as the W/D
ratio increases, there's no gradual decrease in scour inception. This suggests that higher W/D
ratios might not always result in a proportional decrease in scour depth. The minimum sand
deposition is particularly noticeable, especially when considering lower W/D ratios, notably
at values of W/D=1.5 and 2. The figure also indicates the scenario where there is no collar
present to prevent it, maximum sand deposition occurs naturally. The maximum scour depth
is observed for a W/D ratio of 3 and 3.5. The scour depth is notably reduced when considering
the W/D ratio of 2.5 in comparison to the scenarios with W/D ratios of 3 and 3.5.
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Fig. 5.58. Temporal variation of scour depth in non-dimensional form for different W/D
ratios when L/D=2, and ¢=180°.

5.4 Comparison of scour depths varying with W/D for different L/D ratios

From the observation of the previous section 6.3 it is observed that increasing the W/D ratio
there is a critical case of W/D after which instead of decreasing the scour depth, it increases
further. Hence, identifying an optimal W/D ratio becomes imperative to reduce scour depth
around the oblong pier. Consequently, this study seeks to investigate the minimum W/D ratio
for both /D ratios of 2 and 4, while accounting for different angles of scour position.

Figure 5.59 indicates the behavior of scour depth at 0° angle position, for both the /D
ratio cases. Remarkably, it unveils a consistent trend where the scour depth initially decreases
and then increases the pattern of variation. This observation suggests the presence of critical
W/D ratios that minimize scour depth for both L/D ratio cases. For L/D ratios of 2 and 4, these
critical W/D ratios are determined to be 3 and 2.5 respectively.
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Fig. 5.59. Non-dimensional scour depth variation with W/D ratio for ¢$=0°.

Figure 5.60 indicates the behavior of scour depth at 45° angle position, for both the /D
ratio cases. Notably, it shows a consistent trend where the scour depth initially decreases then
increasing pattern of variation, in contrast to the previous case. This observation suggests the
presence of critical W/D ratios that minimize scour depth for both L/D ratio cases. For an L/D
ratio of 4, the critical W/D ratios are found to be 2.5, whereas for an L/D ratio of 2, these
critical W/D ratios are determined to be 3.
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Fig. 5.60. Non-dimensional scour depth variation with W/D ratio for ¢=45°.
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Fig. 5.61. Non-dimensional scour depth variation with W/D ratio for $=90°.

Figure 5.61 indicates the behavior of scour depth at 90° angle position, for both the L/D
ratio cases. Interestingly, it demonstrates a lack of consistent trend compared to the previous
case, wherein the scour depth initially decreases and then increases the pattern of variation.
For an /D ratio of 4, the scour depth initially increases before decreasing, while for an 7/D
ratio of 2, the scour depth follows a pattern of initially increasing, then decreasing, and finally
increasing again. This observation suggests the presence of critical W/D ratios that minimize
scour depth for both L/D ratio cases. For an L/D ratio of 4, the critical W/D ratios are found
to be 2, whereas for an L/D ratio of 2, these critical W/D ratios are determined to be 2.5.

Figure 5.62 indicates the behavior of scour depth at 135° angle position, for both the
L/D ratio cases. Interestingly, it demonstrates a lack of consistent trend compared to the
previous case, wherein the scour depth initially decreases and then increases the pattern of
variation. For an L/D ratio of 4, the scour depth initially increases, then decreases, and finally
increases while for an L/D ratio of 2, the scour depth follows a pattern of initially increasing
before decreasing. This observation suggests the presence of critical W/D ratios that minimize
scour depth for both 1/D ratio cases. For both /D ratios of 2 and 4, For L/D ratios of 2 and
4, these critical W/D ratios are determined to be 1.5.
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Fig. 5.62. Non-dimensional scour depth variation with W/D ratio for ¢=135°.
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Fig. 5.63. Non-dimensional scour depth variation with W/D ratio for ¢=180°.

Figure 5.63 indicates the behavior of scour depth at 180° angle position, for both the
L/D ratio cases. Interestingly, it demonstrates a lack of consistent trend compared to the
previous case, wherein the scour depth initially decreases and then increases the pattern of
variation. For an L/D ratio of 4, the scour depth initially decreases, then increases, and finally
decreases again while for an L/D ratio of 2, the scour depth follows a pattern of initially
increasing before decreasing. This observation suggests the presence of critical W/D ratios
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that minimize scour depth for both /D ratio cases. For L/D ratios of 2 and 4, these critical
W/D ratios are determined to be 1.5 and 2 respectively.

5.5 Comparisons of scour depth with L/D ratio for different W/D ratios
and different angles of scour position

From the observation of the previous section 6.4, it is evident that when maintaining the same
W/D ratio for both L/D ratios 2 and 4, scour depth varies due to the L/D ratio. Additionally,
when the collar is absent, a decrease in the /./D ratio leads to an increase in scour depth. Thus,
it becomes crucial to establish an optimal /D ratio to minimize scour depth around the pier.
Therefore, this study aims to explore the minimum /D ratio for different W/D ratios while
considering various angles of scour position.
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Fig. 5.64. Nondimensional scour depth variation with L/D ratio for ¢$=0°.

Figure 5.64 illustrates the scour depth behavior at a 0%angle position for different W/D
ratios across various /D ratios. As the L/D ratio increases, scour depth decreases notably
without a collar. However, at the minimum W/D ratio of 1.5, L/D ratio 4 exhibits higher scour
depth compared to L/D ratio 2. Furthermore, within /D ratios ranging from 2 to 3.5, there's
minimal variation in scour depth for both /D ratios. This observation suggests the presence
of critical L/D ratios that minimize scour depth for different W/D ratios. For W/D ratios
ranging from 1.5 to 3.5, these critical /D ratios are noted for both 7/D ratios of 2 and 4,
particularly at higher W/D ratios, such as 3.5.
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Fig. 5.65. Non-dimensional scour depth variation with L/D ratio for ¢=45°.

Figure 5.65 illustrates the scour depth behavior at a 45° angle position for different W/D
ratios across various L/D ratios. As the L/D ratio increases, scour depth decreases notably
without a collar. However, at the minimum W/D ratio of 1.5, L/D ratio 4 exhibits higher scour
depth compared to L/D ratio 2. Furthermore, within W/D ratios ranging from 2.5 to 3.5, there's
minimal variation in scour depth for both L/D ratios. This observation suggests the presence
of critical L/D ratios that minimize scour depth for different W/D ratios. For W/D ratios
ranging from 1.5 to 3.5, these critical L/D ratios are observed, especially at an L/D ratio of 4,
with particular significance at a W/D ratio of 2.5.

Figure 5.66 illustrates the scour depth behavior at a 90° angle position for different W/D
ratios across various L/D ratios. As the L/D ratio increases, scour depth decreases, especially
in the absence of a collar. Deposition occurs when there's no collar at an /D ratio of 4.
However, at the minimum W/D ratio of 1.5, L/D ratio 4 exhibits higher scour depth compared
to L/D ratio 2. Furthermore, within W/D ratios ranging from 2 to 3.5, there's minimal variation
in scour depth for both /D ratios. This observation suggests the presence of critical /D ratios
that minimize scour depth for different W/D ratios. For W/D ratios ranging from 1.5 to 3.5,
these critical L/D ratios are observed, especially at an L/D ratio of 4, with particular
significance at W/D ratio 2.
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Fig. 5.66. Non-dimensional scour depth variation with L/D ratio for $=90°.
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Fig. 5.67. Non-dimensional scour depth variation with L/D ratio for ¢=135°.

Figure 5.67 illustrates the scour depth behavior at a 135° angle position for different
W/D ratios across various L/D ratios. In this scenario, as the L/D ratio increases, scour depth
also increases, particularly when there's no collar, as opposed to the previous scenario.
Deposition occurs when there's no collar at an /D ratio of 2. However, at the minimum W/D
ratio of 1.5, L/D ratio 4 exhibits higher scour depth compared to L/D ratio 2. Furthermore,
within W/D ratios ranging from 2.5 to 3.5, there's minimal variation in scour depth for both
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L/D ratios. This observation suggests the presence of critical /D ratios that minimize scour
depth for different W/D ratios. For W/D ratios ranging from 1.5 to 3.5, these critical L/D ratios
are observed, especially at an L/D ratio of 2, with particular significance at a W/D ratio of 1.5.
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Fig. 5.68. Non-dimensional scour depth variation with L/D ratio for ¢=180°.

Figure 5.68 illustrates the scour depth behavior at an 180° angle position for different
W/D ratios across various L/D ratios. In this scenario, as the /D ratio increases, scour depth
also increases, particularly when there's no collar, as opposed to the previous scenario.
Deposition occurs when there's no collar at an /D ratio of 4. However, at the minimum W/D
ratio of 1.5, L/D ratio 4 exhibits higher scour depth compared to L/D ratio 2 compared to the
previous case. Furthermore, within W/D ratios ranging from 2.5 to 3.5, there's minimal
variation in scour depth for both /D ratios. This observation suggests the presence of critical
L/D ratios that minimize scour depth for different W/D ratios. For W/D ratios ranging from
1.5 to 3.5, these critical L/D ratios are observed, especially at an /D ratio of 4, with particular
significance at W/D ratio 2.

5.6 Comparison of volume for different W/D and L/D ratios
In this section, we conduct a comparative analysis of deposition and scour volume across
various W/D and L/D ratios with the help of surfer software. In Figure 5.69, it is evident that

the scour volume peaks at W/D=2 for L/D=2, while the deposition volume reaches its
maximum at W/D=2 for L/D=4.
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5.7 Comparison of planar area for different dimensions
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Fig. 5.70. Change of scour planar area for different /D and W/D ratios.

In this section, we conduct a comparative analysis of deposition and scour planar area across
various W/D and L/D ratios with the help of surfer software. In Figure 5.70, it is evident that
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the scour planar area peaks at W/D=1.5 for /D=4, while the deposition volume reaches its
maximum at W/D=1.5 for L/D=2.

5.8 Comparison of surface area for different dimensions

In this section, we conduct a comparative analysis of deposition and scour surface area across
various W/D and L/D ratios with the help of surfer software. In Figure 5.71, it is evident that
the scour surface area peaks at W/D=1.5 for L/D= 4, while the deposition volume reaches its
maximum at W/D=1.5 for L/D=2.
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Fig. 5.71. Change of scour surface area for different /D and W/D ratios.
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5.9 Development of governing equation for temporal scour depth

With the help of observed data executed in the present analysis and other experimental
data collected from open literature (Masjedi et al. (2010), Mashahir et al. (2008)) a
governing equation for temporal scour prediction is developed with the help of Minitab
Statistical Software. Initially, a sample equation is presented in Eq. (5.1). It is to be
mentioned that the sample equation is taken in logarithmic variation with temporal data.
The logarithmic variation is taken in compliance with the curve fitting of observed data
as presented in Fig. 5.73. On the other hand, the non-dimensional scour depth is power
variation to collar width to pier width, collar length to pier width, pier length to pier width,
ratio of velocity to critical to pier width and collar position to pier width, as presented in
Figs. 5.73,5.74, 5.75, 5.76 and 5.77 respectively.
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Fig. 5.72. Comparison of present experimental data with other data in open literature for
temporal scour depth.
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Fig. 5.77. Comparison of present experimental data with other data in open literature for
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In Eq. (5.1), 1 J, K, M, N, O and P are empirical constants and can be formed using
observed data. These constants are identified by Minitab software with the help of the Gauss-
Newton algorithm. The predicted data was found by Minitab Software and compared with the
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present study by using the correlation method in Microsoft Excel Software. It is to be
mentioned that an acceptable correlation value is set higher than 90%. It is further to be
mentioned that from the available observed data, 80% data was used to develop the governing
equation and the remaining 20% was used to test the equation. Finally, the following
governing Eq. (5.2) of temporal scour prediction around an oblong pier with a collar is
identified.

54.26 0.07 13.04 236 38 x\~1.63
i:4.5><10’6 i X(Kj x(ij xln(gj x(l—ﬁj X £ (5.2)
D U. D D D D D

The temporal scour depth can be evaluated using Eq. (5.2). Figure 5.78 shows a
comparison of experimental and predicted values of scour depth. The +30% deviation
intervals are added as dashed lines. It can be seen in Fig. (5.78) that 72% deviation occurs
between the predicted and observed data in the range of -10% to +10%, -20% to +20% and -
30% to +30% error. Hence, the calculated scour depth matches well with the observed data.
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Fig. 5.78 Comparison between experimental and predicted values of temporal scour depth.

113



5.10 correlation coefficient (r)

In Correlation coefficients whose magnitude is between 0.7 and 0.9 indicate variables which
can be considered highly correlated. Correlation coefficients whose magnitude is between 0.5
and 0.7 indicate variables which can be considered moderately correlated. The accuracy of
the derive equation is identified the expression shown in Eq. (5.3)

o)), 6] X(5),

oi i=1

ol ] bsol[4) |

5.11 Root Mean Squared Error (RMSE)

(5.3)

In the present work, Although, the values of RMSE may range between zero and infinity,
however, an RMSE value between 0.2 and 0.5 shows how accurate the model is in predicting
the actual value. n is the number of observations. The accuracy of the derive equation is
identified the expression shown in Eq. (5.4)

RMSE =
2w

(5.4)

5.12 Percent bias (PBIAS)

In terms of percent bias for accuracy, an ideal range is typically considered to be close to zero,
indicating minimal bias or error in the model predictions. Percent bias values within £5% or
+10% are usually deemed acceptable across various fields, although acceptance criteria may
vary based on industry or specific analytical requirements. The accuracy of the derive
equation is identified the expression shown in Eq. (5.5).

$4),5))

35),

o1

PBIAS = (5.5)

5.13 Nash—Sutcliffe efficiency (NSE)

The Nash-Sutcliffe Efficiency (NSE) is a metric commonly used to assess the accuracy of
hydrological models, particularly in streamflow simulations. An NSE value of 1 indicates a
perfect match between observed and simulated data and greater than 0.5 is generally
considered satisfactory for many applications. The accuracy of the derive equation is

identified the expression shown in Eq. (5.6)
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(5.6)

Table 5.3. Accuracy analysis of the present study and the reference data.

Present Pin Pin Pin
RMSE PBIA E

study r S 5ONSE 0% (20%)  (30%)
P

resent 087 0007 008 092 262% 483%  62.3%
study

Masjediet  -002 001  -02  -0008 7% 14%  20%
al. (2010)

Figure 5.79 represents the predicted value of the proposed equation by Masjedi et al.
with the observed data. The figure indicates that most of the data points are outside the 30%
error range. Hence the comparison of two figures, Fig. 5.78 and Fig. 5.79 indicates the present
proposed equation has higher accuracy of prediction with observed data. The error analysis

of the data presented in Fig. 5.79 is shown in Table 5.3. It represents that r is 0.87, RMSE is
0.006, PBIAS is 0.07 and NSE is 0.91.
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Chapter 6

Conclusions

In the present work, an experimental analysis is carried out for an oblong pier with a collar.
The study is carried out to investigate the parametric variation of scour depth with time. Also,
the parametric variation of max scour depth is studied. To investigate the above-mentioned
variation, different collar width to pier width and pier length to pier width are taken in the
study. The study is carried out under clear water conditions. It is to be mentioned that, when
the scour rate reaches below 1mm/hour, the equilibrium condition is considered. It is further
to be mentioned that the scour depth of the pier without a collar is compared with the pier
with different collar dimensions. The following important findings are noted from the present
study.

6.1. Overall remarks

The major findings and contributions of the thesis are summarised below —

o For the case pier without a collar, the maximum scour near the position of angle 0°. The
maximum scour depth is 3.344 c¢cm for L/D ratio 4 and 3.72 c¢cm for L/D ratio 2.

o For the case pier with collar, collar width to pier ratio 3.5 the presence of maximum
scour near the position of angle 135°. The maximum scour depth is 2.13 c¢cm for L/D
ratio 4 and 1.57 cm for /D ratio 2.

o For the case pier with collar, collar width to pier ratio 3 the presence of maximum scour
near the position of angle 135°. The maximum scour depth is 2.1 cm for /D ratio 4 and
1.94 cm for L/D ratio 2.

o For the case pier with collar, collar width to pier ratio 2.5 the presence of maximum
scour near the position of angle 135°. The maximum scour depth is 2.19 cm for L/D
ratio 4 and 1.73 cm for L/D ratio 2.

o For the case pier with collar, collar width to pier ratio 2 the presence of maximum scour
near the position of angle 135° for /D ratio 4 and 45° for L/D ratio 2. The maximum
scour depth is 2.3 cm for L/D ratio 4 and 2.013 c¢m for L/D ratio 2.

o For the case pier with collar, collar width to pier ratio 1.5 the presence of maximum
scour near the position of angle 0°. The maximum scour depth is 2.8 cm for L/D ratio 4
and 2.46 cm for /D ratio 2.
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o For the case of scour depth at 0° angle position the presence of critical /D ratios that
minimize scour depth for both /D ratio cases. For L/D ratios of 2 and 4, these critical
W/D ratios are determined to be 3 and 2.5 respectively to minimize scour depth.

o For the case of scour depth at the 45° angle position for an L/D ratio of 4, the critical
W/D ratios are found to be 2.5, whereas, for an L/D ratio of 2, these critical W/D ratios
are determined to be 3 for minimize scour depth.

o For the case of scour depth at 90° angle position for an L/D ratio of 4, the critical W/D
ratios are found to be 2, whereas, for an L/D ratio of 2, these critical W/D ratios are
determined to be 2.5 for minimize scour depth.

o For the case of scour depth at 135° angle position for both /D ratios of 2 and 4, For
L/D ratios of 2 and 4, these critical W/D ratios are determined to be 1.5 for minimize
scour depth for minimize scour depth.

o For the case of scour depth at 180° angle position, the presence of critical W/D ratios
minimizes scour depth for both L/D ratio cases. For L/D ratios of 2 and 4, these critical
W/D ratios are determined to be 1.5 and 2 respectively.

o The presence of critical L/D ratios that minimize scour depth for different W/D ratios.
For W/D ratios ranging from 1.5 to 3.5, these critical L/D ratios are noted for both /D
ratios of 2 and 4.

o the scour volume peaks at W/D=2 for L/D=2, while the deposition volume reaches its
maximum at W/D=2 for L/D=4.

o The scour planar area peaks at W/D=1.5 for L/D=4, while the deposition volume reaches
its maximum at W/D=1.5 for L/D=2 and the scour surface area peaks at W/D=1.5 for
L/D=4, while the deposition volume reaches its maximum at W/D=1.5 for L/D=2.

Finally, with the help of observation, a governing equation for temporal scour prediction is
developed. The error analysis of predicted and observed data represents that CC is 0.87,
RMSE is 0.006, PBIAS is 0.07 and NSE is 0.91. The developed non-dimensional equation
may further be utilized to estimate the scour depth in a real scenario of a bridge pier.

6.2. Scope of future work

The scope of future endeavors is outlined below.

o The collar positions considered in this thesis work are taken at bed level. However, in
future, the effect of changing the collar position above and below the bed on scour depth
can be evaluated further.

o The present study is carried out under fixed flow velocity. However, the effect of
changing the flow velocity on scour depth can be evaluated further.

o The present study is carried out under a fixed depth of water. However, the effect of
changing the depth of water on scour depth can be evaluated further.

o The present study is carried out under a straight flow channel. However, the effect of
the bend flow channel can be evaluated further.
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