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ABSTRACT

Scouring around the bridge pier 1s a cntical 1ssue m hydraulic engineerning as 1t affects
the structural stability and safety of bnidges. This natural and complex phenomenon is
a leading cause of hydraulic bnidge failures. resulting in public safety hazards, and
economic losses. Therefore, implementing effective countermeasures to prevent scour
around bridge piers 1s essential. An increase in scour resistance or flow alteration are
two major countermeasure techmiques. The goal 1s to counteract the erosive forces of
scour-inducing mechanisms using durable engineering matenials or, to shift the scour
formation away from the immediate vicimity of the pier. The downflow that 1s
responsible for clear water scour can be mitigated by using a collar plate. The present
study focuses on the application of the collar as a scour countermeasure technique.
This study mvestigates the temporal development of scour around a circular pier with
circular and airfoil collars and also without any such protection. This study also aims
to analyze the scour morphology, along with a new predictive model based on the
nonlinear regression formula and Classification and Regression Tree (CART), a
machine learning model to estimate temporal scour depth in the presence of a collar.
The predictive ability has been compared with established empirical equations given
in the works of literature. A total of 11 expenments are conducted under clear water
scour conditions using cohesionless, uniform sand bed material to investigate the
effects of collar shape and size on scour development around a pier. The study uses a
fixed pier diameter and examines five different circular collars and five different airfoil
collars, varying in diameter and length The experiments aim to assess the
effectiveness of these collars in preventing scour and to understand the time-dependent
scour patterns at various points around the pier. All tests are conducted with collars
fixed at bed level. with a constant flow depth, discharge, and flow intensity.
Simultaneously, from the literatures as many as possible, similar expenimental inputs
and outputs have been collected or extracted for comparative analysis. The results
reveal that the temporal development of the scour hole at the pier depends on whether
the pier 1s protected with a collar or not. In the presence of a collar, the development
of the scour hole 1s significantly delaved. It 1s observed that the larger sized circular
collars (b = 3b-3.5b) are more effective in reducing scour where b, and b are the collar
and pier diameters, respectively. In the case of an unprotected pier and for smaller-
sized circular collars (b = 1.55-2b), the maxmmum scour depth (Diem) 15 observed at
the upstream face of the pier (0°) but for the larger sized collars (b =2.55-3.3b), 1t 15
found downstream of the pier (135°). On the other hand, for smaller and larger airfoil
collars, Dicm 1s observed at the side (90°) and the downstream (135%) of the pier,
respectively. A significant vanation in protection efficiencies is observed when
comparing circular collars to an unprotected pier, ranging from 26 23% to 84 96% at
the upstream face of the pier and from 4.94% to 74.13% (collar diameter = 3 5b) at the
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side of the pier, depending on collar dimensions. On the other hand, afoil collars
demonstrated higher protection efficiencies, ranging from 83.29% to 89 20% at the
upstream face of the pier and from 32 67% to 82 80% (collar diameter = 3. 55) at the
side of the pier. For both the circular and airfoil collars, maximum protection
efficiency 1s observed for the larger collars (3.54). It is also observed that for an
unprotected pier, the scour length (/) 15 less than the scour width (w;), and for a circular
collar of 1.5b diameter, they are almost the same. However, for the remaining collars
I: = w;. Based on the error analysis and statistical analysis, the CART model and the
equation proposed in this study show a better fit with the observed data than the
equations derived in previous literatures. This study may aid in protecting bridge pier
designs globally under clear water scour conditions, but the predictive efficiency 1s
limited by the use of fixed sediment types, flow conditions, and pier geometry and
collar geometry.
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CHAPTER -1

INTRODUCTION

1.1 Background

Bridges are essential to society as they provide quick access across nivers and other water
bodies. They facilitate the transport of goods and people, thereby significantly contributing
to the development of a region. Overall, bridges play a pivotal role in enhancing connectivaty,
supporting economic activities, and improving the quality of life for communities. Designing
and constructing bridges has always been a complex process, especially when they span over
water. A significant majonty of bnidges 1 the USA. nearly 83% of the 583,000 bridges
recorded in the 1S National Bridge Inventory (MBI) in 2007, were constructed over water
(Lagasse et al., 2007). In many cases, it 1s unavoidable to place piers in the water due to the
large distances being spanned, which exposes the bndge to a significant failure mechamsm
known as scour. The failure of bridges 1s a serious issue because of the high mvestment costs,
safety risks, and adverse effects on the economy of the affected region.

Scour 1s one of the leading causes of bridge failure. *“Men who overlook water under
the bridge will find the bndge underwater” (Neull, 1973). Scour has been responsible for about
60% of bnidge failures in the USA (Lagasse et al, 2007). Scour 15 defined as the erosion of
streambed sediment around an obstruction in a flow field (Chang, 1988). It is the erosion of
bed maternial occurring around the base of bridge piers and 1s driven by the movement of water
around these piers (Ameson et al, 2012). This erosion is problematic because it can
undermine the foundations, threatening the structural integnity of the bndges and hydraulic
structures. This issue not only endangers infrastructure but also poses a significant risk to
public safety. Hoffmans and Verhey (1997) noted that local scour around bridge piers and
foundations due to flood flows 1s a major cause of bnidge failure.

Scour was identified as the main cause of the 1987 Schohane Creek Brndge failure in
New York (Fig. 1.1a), which resulted 1n the deaths of 10 people (Ting et al., 2001; Wardhana
and Hadipriono, 2003). In 1989, the catastrophic collapse of the US. Route 51 bridge over
the Hatchie River in Tennessee killed eight people (Lagasse and Richardson, 2001). Another
incident described by Lagasse and Richardson (2001) involved the collapse of the twin
(southbound and northbound) bridges carrying Interstate 5 over the Amoyo Pasajero (Los
Gatos Creek) in Califorma duning a major flood, causing four vehicles to plunge mnto the creek
and resulting in seven deaths. Chiew and Lim (2003) and Chiew (2004) reported the failure
of the Kaoping Bridge in Southemn Taiwan in August 2000. Dey and Barbhurya (2004) also
referenced the collapse of Bulls Bridge over the Rangitikei River in New Zealand. Kumar et
al. (2023) reported the bridge collapse due to scouring in Tarwan 1 2008 (Fig. 1.1b).



Fig. 1.1 (a) Schohane Creek Bridge failure in New York, 1987; (b) Collapse of Hou-Fong
Bridge due to the causes of scouning 1n Tarwan, 2008

Beyond the human toll, bridge failures due to scour result 1n substantial financial costs,
including direct expenditures for replacement and restoration and indirect costs related to
transportation disruptions (Lagasse and Richardson, 2001). A study by Cheremisinoff et al.
(1988) reported that the Federal Highways Administration claimed damages to bridges and
highways from major floods m 1964 and 1972 amounted to about $100 million (Z838.85
crores) per event. According to a survey by Macky (1990) cited by Melville and Coleman
(2000), scour in New Zealand nivers results in annual expenditures of NZ$36 mmllion (218810
crores). Thus, significant amounts are spent annually on repairing or reconstructing bridges
whose piers have been destroyed by scour (Dey. 1997).

The potential losses from bnidge failures and the necessity of preventing them have
spurred efforts to better understand the scour process and improve scour prediction methods
and equations. Underestimating pier scour depth can lead to bndge falure, while
overestimating 1t can result in excessive construction costs (Ting et al, 2001). Numerous
experimental and numerical studies have aimed to quantify the cthlmmndepﬂl of scour in
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various soil matenals. Researchers such as Raudkivi and Ettema (1983), Ahmed and
Rajaratnam (1998), Chiew and Melville (1987), Breusers et al. (1977). Lanca et al. (2013),
Franzett: et al. (2022), Nandi and Das (2023), Nandi et al. (2024a) and Nandi et al. (20245)
have contributed to the understanding of pier scour considenng equilibrium as well as the
temporal evolution of scour. Breusers et al. (1977) provided a comprehensive review of local
scour around circular piers.

Despite the extensive research on scour processes, some aspects remain unresolved, as
reported by various contradictions in the literature. Raudkivi and Ettema (1983) poimnted out
that while the scientific foundation for bndge structural design 1s well established. there 15
currently no unifying theory that allows designers to confidently estimate scour depth at
bnidge piers. Cheremusinoff et al. (1988) and Hoffmans and Verhey (1997) supported
Raudkivi and Ettema's claims. According to several authors, this issue anses not only from
the extreme complexity of the problem but also because stream charactenistics, bndge
constriction geometry, and soil water interactions vary for each bndge and each flood.
Federico et al. (2003) also indicated that a reliable assessment of general and local erosion of
pier foundation so1l cannot be safely calculated using the empinical correlations available 1n
the technical literature. Hoffinans and Verhes) (1997) emphasized that scour analysis should
be integral to the design of new bndge substructures to ensure they can withstand lgh flows
duning floods.

Many existing bridges were not designed to handle the scour they are now facing, as
the full potential for scour may not have been evident at the ttime of their construction.
Discrepancies between predicted and actual scour depths can be attributed to factors such as
changes 1n flood magnitudes and frequencies, evolving channel geometnes, or additional
influences like the presence of ice cover (Ameson et al | 2012; Lagasse et al . 2007). The U S.
Federal Highway Admimistration (FHWA) mandates that both new and existing bridges
adhere to a bndge mspection program specified in the National Brndge Inspection Standards
(INBIS). This program includes evaluations for pier scour and underwater inspections. A key
component of the program 1s identifying bnidges that are at nisk of failure due to scour 1n the
event of a significant flood. Such bridges are categonized as scour-critical. In 2011, the FHWA
reported that more than 23,000 bridges in the USA were classified as scour-critical (Armeson
et al, 2012). A specific example occumred 1n 1994 1n Georgia, USA. when tropical storm
Alberto produced extensive and destructive flooding, causing damage to over 500 bridges due
to scour. Of these bnndges, 31 were deemed unsafe and required rebuilding because the scour
reached depths of 4 to 6 meters (Ameson et al | 2012). This incident clearly demonstrates that
scour 1s a widespread 1ssue and has consistently resulted i significant damage.

Once a bnidge 1s 1dentified as scour-critical, a Plan of Action (POA) must be developed
as specified by the National Bridge Inspection Standards (WNBIS). A POA includes site-
specific actions aimed at enhancing public safety and reducing the risk of bridge failure. Ata
minimum, a POA typically involves monitoring programs to track scour progression and alert
brnidge owners. In many cases, additional actions are necessary to ensure the bnidge 1s no
longer scour critical. These actions often include the installation of accepted scour
countermeasures. However, in extreme cases where scour has progressed beyond the
effectiveness of countermeasures, the bndge may require replacement or sigmificant
rehabilitation (Lagasse et al., 2009; Armeson et al., 2012) (from Valela, 2021).

3



Local scour at a bndge pier primarily occurs due to the downflow along the upstream
face of the pier, which generates a horseshoe vortex at the pier's base that contributes to the
phenomenon (Kumar et al |, 1999). One method to reduce pier scour 1s to armor the riverbed
with hard engineering matenals like stone riprap. Another approach 1s to weaken or mhibat
the formation of downflow and the horseshoe vortex using flow-altering devices (Chiew and
Lim, 2003; Melwville and Coleman, 2000). Devices used to protect piers against local scour
include sacrificial piles, Iowa vanes, slots through the pier, and flow deflectors such as collars.
The use of collars has been studied by several researchers, including Chabert and Engeldinger
(1956), Laursen and Toch (1956), Thomas (1967), Tanaka and Yano (1967), Chiew (1992),
Kumar et al. (1999), Zarrati et al. (2006), Alabi (2006), Moncada-M et al. (2009), Garg et al.
(2005), Izadima et al. (2012), Tafarojnoruz et al. (2012), Jahangirzadeh et al. (2014), Pandey
et al. (2020), Pandey et al. (2022), Kassem et al. (2023) and others. Fesults generally show
collars are effective i reducing scour depth at bridge piers.

While the primary interest in scour studies 1s the scour depth, the time required to reach
a particular scour depth 1s also crucial, as scour holes take time to develop. Under clear water
scour conditions, the depth of a scour hole approaches an equlibrium condition
asymptotically with time (Breusers, 1977). Thus, time 1s an important factor in scour studies.
Researchers like Melville and Chiew (1999), Moncada-M et al. (2009), Mashalur et al
(2009), and Pandey et al. (2020) have studied the temporal development of scour in the
presence of collar and without a collar. The rate of local scour around a bnidge pier 1s
significant for scheduling mmtigation measures and understanding scour under fime-varying
flows (Gosselin and Sheppard, 1995). Adequate representation of temporal scour
development and the effectiveness of a collar in model studies depend on the definttion of
time to equilibrium, which determines test duration.

Many definitions of equilibrmam scour depth exist, but most equations for local scour
provide equilibrium depth and are conservative regarding temporal effects (Melwille and
Coleman, 2000). Peak flood flows may last only a few hours or days, insufficient for
achieving equilibrium scour depth. Consequently, the actual scour depth may be a small
percentage of the equilibrium depth, which could take weeks to develop fully.

Using a collar can mitigate pier scour by preventing direct downflow impact on the
niverbed, reducing both the depth and rate of scour (Mashahir et al | 2004; Pandey et al . 2020;
Gupta et al, 2024). This reduction in scour rate limits the nisk of pier failure dunng short-
duration floods. Zarrat: et al. (2004) observed that the time to reach equilibrium scour depth
depends on whether a pier is protected with a collar, impacting the validity of results from
tests with fixed durations. Therefore, 1t 1s crucial to crtically review the results of the
literature based on short testing times. Different shapes of collars can be used to prevent the
scour at the upstream face of the pier (Khodashenas et al | 2018; Gupta et al., 2023; Kassem
et al , 2023; Gupta et al_, 2024).

In the present study, two different collar shapes have been considered for the temporal
evaluation of the scour at the upstream face of the pier. The constant flow discharge of 25.5
I/s was considered for all the expenments. The effect of the width of the collar (circular) as
well as the effect of width and length (airfoil collar) has been analyzed in the present study.



1.2 Scour

Scour 1s a natural phenomenon caused by the flow of water in rivers and streams (Breusers et
al . 1977). It 1s most pronounced in alluvial materials. but deeply weathered rock can also be
vulnerable 1 certain circumstances. It 1s the consequence of the erosive action of flowing
water, which removes and erodes matenial from the bed and banks of streams and also from
the vicinity of bridge piers and abutments. Cheremisinoff et al. (1988) defined scour as the
lowenng of the niver bed level by water erosion, which can potentially expose the foundations
of riverine structures such as bridges.

Scounng occurs naturally as part of the morphological changes of nvers and as the
result of man-made structures. Scour can either be caused by normal flow or flood events.
Normal flow can lower the channel bed but the rate of scouring 15 much higher during peak
flow conditions when the flow velocity 1s higher.

Scour Depth 1s the vertical distance by which the niverbed 1s lowered due to erosion,
measured from the oniginal bed level before the scour occurred. A scour hole 1s defined as the
depression or void in the riverbed formed as sediment 1s eroded and washed away by the

flowing water.

1.3 Types of Scours at Bridges

Scour can be broadly classified into two major types - general scour and localized scour. Some
other sub-drvisions of scour are shown in Fig. 1.2. The types of scours that may occur at
bnidge sites can be categorized as follows:

o General scour occurs i a river or stream as the result of natural processes wrespective of
whether a bnidge 1s there or not.

o Constriction scour occurs due to the narrowing of the waterway and the alteration of flow
patterns caused by the bndge.

= Local scour occurs around bridge piers, abutments, or other structures that obstruct the
flow. These obstructions result in an acceleration of the flow and create vortices that erode
sediments from the immediate vicinity of the obstruction. Local scour, which varies with
the type of structure, 1s generally more severe than general or constriction scour and adds
to their effects. As local scour 1s a key focus of this study., it 1s explored in greater detail in
the upcoming chapters (Chapter 3).
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Fig. 1.2 Classification of Scour
1.3.1 Clear-water and Live-bed Scour

Local and constriction scour can occur in two ways: clear-water scour and live-bed scour.
Local scour can occur in addition to both general and localized scour. Clear-water scour
happens when the bed matenal upstream of the scour area remains stationary. In this situation,
the shear stresses away from the scour area are either equal to or less than the critical shear
stress needed to iitiate particle movement. Maximum scour depth in clear-water scour 1s
reached when the flow is no longer able to move particles from the scour hole.

Live-bed scour, also known as scour with sediment transport, occurs when the stream
15 transporting a bed load. Equilibrium scour depths are achieved when, over time, the amount
of sediment removed from the scour hole by the flow equals the amount of sediment entering
the hole from upstream. Distinguishing between clear-water and live-bed scour 1s crucial
because they mfluence both the development of the scour hole over time and the relationship
between scour depth and approach flow velocity differently. These relationships are shown
in the schematic diagram below (Fig. 1.3). In live-bed conditions, scour depth mmtially
increases rapidly with time and then fluctuates around a mean value, known as the equilibrmm
scour depth. This equilibnium scour depth 1s generally less than the maximum scour depth
observed under clear-water conditions. The present study focuses on experimental results for
clear-water scour at cylindncal piers with collars attached n a steady flow condition.



%

5 Equilibrium scour e')oeﬁ
ﬁ_ g depth (Dse) W
| ’

3 /

Clear-water
scour

N ,r"" Time for Dse
to develop

ooy
"l
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1.4 Scour Countermeasures

Scour countermeasures, as defined by the Hydraulic Engineenng Circular No. 23 (HEC-23),
are techniques designed to prevent, delay, or mitigate the severity of scour (Lagasse et al |
2009). While numerous countermeasures are available today, each comes with its own
advantages and disadvantages. Currently, no single countermeasure 1s ideal for eliminating
scour under all conditions while also being cost-effective, easy to mamtamn, and simple to
mstall. This complexity makes selecting an appropniate countermeasure challenging and often
requires the expertise of a specialist in the field. Therefore, further research into scour
countermeasures 1s essential, as they are a primary solution to the widespread scour 1ssue that
ultimately endangers public safety.

In the present analysis, we tried to evaluate the effectiveness of two different collar
shapes (circular and airfoal). As it 1s the main focus of the study, scour countermeasures are
discussed m much more detail 1n Chapter 3.



CHAPTER -2

LITERATURE SURVEY

2.1 Literature Review

Numerous studies have been conducted and published on the development of local scour
around bridge piers It 1s crucial to accurately predict the scour depth around the bridge pier
experimentally, and numerically as well as using machie learmng techmques. There are a
significant number of studies available for 1solated bndge piers and a combination of brndge
piers. The study on 1solated pier scour depth computation formula was conducted by Melville
and Chiew (1999), Ohveto and Hager (2002), Aksoy et al. (2017), Franzett1 et al. (2022), etc.
The study of eccentric mmltiple piers was conducted by several researchers (Das et al | 2014a;
Das et al, 20145; Das et al_, 2016; Das and Mamumdar, 2018; Das et al., 2019; Nand: and
Das, 20235). The flow characteristics near a pier have been studied by Das et al. (2013), Das
et al. (2014¢), Das et al. (2017), Jaman et al. (2017), Das et al. (2019), and others. Scouring
around the bridge pier 1s a crucial 1ssue. Hence, many researchers aimed to study different
scour countermeasures (e g, riprap, slot, sacnficial piles, vanes, etc)) to protect the bridge
pier. Quute a few researches have been published to understand the effectiveness of a collar
as a scour countermeasure (Kumar et al | 1999; Moncada-I et al._ 2009; Jahangirzadeh et al
2014; Pandey et al_, 2020; Pandey et al_, 2022; Gupta et al_, 2023; Gupta et al., 2024; Kassem
etal, 2023; etc ).

This chapter aims to summarize the current understanding of local scour, the temporal
development of scour, and the effectiveness of different shapes of collars i mutigating scour
around a bridge pier. It 15 intended to familiarize readers with relevant terminologies and
enhance their understanding of scour and scour countermeasures.

2.2 Previous Research and Findings on the Use of Collars

In this section previous research done in the field of collar as a scour countermeasure 1s
presented m detail. Different studies done mvestigating circular and airfoil collars are
discussed below.

Laursen and Toch (1956) were among the first to study the use of a collar-like device
to avoid scouring at piers. This study suggested that these devices could be effective for scour
mitigation. However, they did not provide information on the feasibality of using collars
the field (Alabi, 2006).

Chabert and Engeldinger (1956) found that placing a circular plate 0.45 (where b=
pier diameter) below the onginal bed elevation and with a diameter of 34 could significantly
reduce scour depth by 60% (Alabi, 2006).

Tanaka and Yano (1967) also investigated the use of a collar to reduce scouning. It
was found that reducing the size of the plate decreased its effectiveness in reducing scour



depth and vice versa. Increasing the plate elevation relative to the bed surface also led to an
mncreased scour depth (Alabi, 2006).

The schematic of the pier-collar arrangement adopted for the different literature studies
15 1llustrated in Fig. 2.1.

Fig. 2.1 Schematic diagram of Pier-Collar arrangement

Ettema (1980) conducted a senies of expenments to determine the feasibility of using
a collar to reduce local scour around a circular bnndge pier. It was found that, when a collar of
diameter of b, equaling 2& 1s installed at an elevation of i, = b/2 above the channel bed. the
collar 1s not effective 1n reducing the scour depth. However, installing a collar at the channel
bed significantly reduces scour. The general conclusion was that the width of the collar has a
greater impact on scour as the collar elevation decreases (Alabi, 2006).

Dargahi (1990) mnvestigated how a collar can reduce local scour by influencing the
horseshoe vortex system. To study the impact of collar shape on performance, a circular collar
and a collar with a Joukowsk: profile were tested. It was observed that the collar did not
effectively prevent the formation of the horseshoe vortex. It was reported that regardless of
collar position or shape, the scour mechanism was similar to that of a circular pier without a
collar. For a circular collar, at an elevation of he/fw = -0.015 (I = flow depth), the maximum
reduction of scour depth occurred and, 1n this case, the upstream and downstream scour depths
were reduced by 50% and 75% compared to the maximum scour depth for the cylinder
without a collar. The collar position, A/ = 0.25, had no significant effect on scouring. The
comparison of the scour profile with profiles measured for the Joukowski case showed that
changing the collar design had no meamngful impact on local scouring around the cylinder.
It was found that the collars can efficiently reduce the strength of the horseshoe vortices when
placed within the separated boundary layer. It was also reported that if 7/b (f- = collar
thickness) increases. the effective pier diameter will increase, causing an increase in the scour
depth. However, Dargahi (1990) pointed out that further research 1s required before practical
implementations.



Chiew (1992) also exanmned the effect of a collar in minimzing the local scour around
a pier. He observed that a collar can reduce the scour depth by 20%.

Fotherby and Jones (1993) studied how effective are the collars in reducing scour.
They found that the width and thickness of collars and the elevation of the collar above the
bed level affect their scour mechanism. It was concluded that larger collars are more effective
at reducing scour, but their efficiency decreases when posttioned at higher elevations above
the channel bed. Fotherby and Jones also pointed out that a collar 1s a hypothetical scour
countermeasure techmque that has not been employed in practice. Later 1t was supported by
Alab1 (2006).

Kumar et al. (1999) investigated the use of pier slots and collars to reduce local scour
at bridge piers. They exanuned how placing circular collars of vanous sizes at vanous
elevations affects scour reduction. Generally, it 1s observed that the deepest scour occurs at
the upstream face of the pier when smaller collars are placed at higher elevations. In contrast,
larger collars positioned at lower elevations lead to deeper scour in the wake of the pier. They
also found that with a collar of 2.5b diameter at bed level, there 15 significantly less scour in
front of the pier compared to the sides and rear of the collar. Conversely, another collar 45
diameter resulted in no scour at the front or sides but caused considerable scour at the rear of
the pier. By analyzing the experimental data alongside information from previous research, a
formmla was developed to predict the maximum scour depth around circular brnidge piers
equipped with collars. This formula 15 applicable to local scour 1n uniform sediment and clear-
water flow.

Singh et al. (2001) also worked on a collar as a scour protection device around a circular
pier. They believed that the growth of a vortex can be arrested by keeping 1t on a ngid surface,
such as a collar plate. It was observed that the width and vertical placement of a collar affect
its effectiveness in preventing scour and a larger collar plate size reduces scouring. Using
collar plates with sizes b, = 1.55, 25, and 2 .56 on the channel bed reduced scour by 50%.
8%, and 100% respectively, compared to an unprotected pier. It was also found that placing
collar plates of b.= 25 at 0.15 depth below the bed resulted 1n a 91% reduction 1n scour depth.
However, placing the same collar plate 0.55 height above the bed resulted in a 25% reduction
in scour depth (Alabi, 2006).

Mashahir et al. (2004) aimed to analyze the effect of a collar on the scouring rate and
the time of equilibrium. In this study temporal development of scouring around a circular pier
with and without collar was measured and compared. A point gauge was used to measure the
scour depth i the flume, while a periscope inside the pier monitored the growth of the scour
hole along the penimeter of the pier. They found that using a collar sigmificantly affects the
time development of scouring. It was observed that the scouning of an unprotected circular
pier starts simultaneously at the downstream due to wake vortices and upstream face due to
downflow. Then horseshoe vortex influences the development of the scour hole upstream of
the pier. The experiment lasted 44 hours, with the final & hours showing a fluctuation in scour
depth of less than 2% of the pier diameter. The maximum depth of the scour hole was gauged
92 mm for the unprotected pier. On the other hand, when the collar was attached, they
observed that initial scouring occurred downstream due to powerful wake vortices, resulting
in a 2 cm deep scour hole within 30 minutes. Meanwhile, no scouring was seen at the upstream
face due to the downflow and horseshoe vortex. The scouring rate at the upstream face of the
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circular pier was significantly slower duning the first 30 hours, with just 30% of maximum
scounng occurming, as opposed to 98% at the unprotected pier over the same penod. The
maximum scour depth was 67.5 mm after 90 hours, with a fluctuation of less than 5% of the
pier chameter in the last 24 hours. It was also seen that scounng at the upstream face of the
pier was zero after about 4 hours from the start of the experimentation. However, scouring
accelerated after 30 hours. Durning that period, the low penetrated below the collar. After this
time, scouring developed similarly to an unprotected pier but with a milder slope. They
concluded that not only scour depth, but collars considerably reduce the scouring rate as well.
It was reported that the circular pier has a much lower rate of scouning at the upstream face
of the pier compared to unprotected piers during the first 30 hours. Tt was also reported that
collars are more effective m reducing the scour rate than wider foundations of similar wadth
and elevation.

Garg et al. (2005) focused on mitigating the scour by employing collar plates to restrict
the growth of the pnmary vortex, emphasizing the role of a ngid surface mn this preventative
measure. The objective of the study was to mimmize scour around a bnidge pier through
experiments with vanous sizes and configurations of collar plates. The study aimed to find
the most effective collar size and elevation for significant scour reduction. Experiments were
conducted under clear water scour conditions for uniform flow velocity corresponding to the
incipient motion of sediment. To reduce flow depth-related effects on scouning, the ratio, /n/b
was kept above 2.5, as recommended by Ettema (1980) and Chiew (1984). They observed
that b and /i have the greatest impact on scour depth at a pier protected with a collar. It was
found that at a specific location, larger collars were more effective than smaller collars.
Increasing the size of the collar plate from 1.55 to 35 reduced the maximum scour depth from
37% to nearly 100%. They also found that shifting the elevation of a collar from 0 (average
bed level) to 0.5 results in an increase m maximum scour depth from 0.365 to 0.95. This
mndicated a performance potential of 66% and 16%, respectively. They concluded that a collar
with a size of 35 or above, placed at bed level, offers total protection against scour.

Zarrati et al. (2006) conducted an expenimental study to investigate the efficiency of
collars 1n controlling local scour around the bridge pier. The experimental findings were
compared to previous mvestigations on single piers with collars. Companng the maximum
scounng depth with calculations from Melville and Sutherland (1988) for a single unprotected
pier, a 27% reduction m scouring with a collar was observed. Importantly, in addition to
reducing scour depth, the application of a collar significantly decreases the rate of scounng.
Also. there was a delay in scouring around the pier when collars were used.

Mashahir et al. (2009) examined the effectiveness of single collars in lowering scour
rate and depth around cylindrical bridge piers through expenmental methods. The scour hole
was monitored on the upstream face of the pier, where it was predicted to reach its maximum
depth. The depth of the scour holes at both sides and rear side of the pier was measured. Tests
were conducted at the threshold of sediment motion where maximum scouring was expected.
They found that after 2 hours from the start of the expenment, scouring began at the upstream
face of the pier, and by 8 hours, the collar was entirely undermined. The rate of scouring
increased when flow penetrated beneath the collar's upstream edge. After 90 hours, at the
upstream face of the pier, the maximum scour depth was 71 mm_ At this time_ the scour hole
downstream of the pier was 55 mm deep. This test resulted 1n a 23% reduction in maximum
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scour depth compared to the unprotected pier. Tanaka et al (1967) observed a maximum
reduction of 25%, which was consistent with this study’s finding They observed that the
temporal vanation of scouring in the case of a pier with a collar was due to the extension of
scouring below the collar. They concluded that the use of a collar sigmficantly reduced both
the scour depth and the rate of scouring.

Moncada-M et al. (2009) also conducted an expenmental investigation to study the
effect of a collar on scour depth by varying collar size, collar elevation, and flow depth. A
total of 8 experiments for an unprotected pier, 29 experiments for a collar of diameter 25, and
21 expenments for a collar of diameter 35 were camed out. The relationship between the
collar efficiency and the collar location for different flow depths was addressed. They found
that the collar 1s the most effective when 1t 1s placed at the bed level and efficiency becomes
lower when it 1s placed above the bed level. However, in some cases, efficiency 1s also found
to be significant when the collar 1s positioned below the bed level. It was also observed that
the efficiency (E%) of the collar 1s inversely related to the flow depth.

Zarrati et al. (2010), i their experimental study, conducted two experiments in the
presence of collars to examne their efficiency for scour reduction. They observed that the
scour depth was approximately 20% and 26% less than that of the unprotected pier for collar
widths of 25 and 3b, respectively. These results agreed with results reported by Tanaka and
Yano (1967) and Ettema (1980).

Izadinia et al. (2012) studied the effectiveness of using collars expenimentally to
prevent local scounng at a circular bridge pier close to the threshold flow conditions of
imfiation of uniform sediment motion. For all the experiments conducted by them, the
temporal scour depths were measured at the upstream of the pier. It was observed that dunng
the experiment, the scour depth of a single pier was gher than that of a pier with a collar.
This was because the collar reduced the strength of the downflow to excavate the bed. On the
other hand, the scouring began quickly at the upstream of single piers due to the downflow
impinging on the bed. They also observed that as the scour around the pier with a collar started
with a delay, the equilibnium time was longer than those without a collar. The scour depth
upstream of the single pier was 7 cm. The scour depth upstream of the collar protected pier
was 5.6 cm and the collar resulted 1n a 20% reduction 1n scour depth.

Tafarojnoruz et al. (2012), in their study, experimentally evaluated six different types
of flow-altering countermeasures (submerged vanes, bed sill, transverse sacnificial piles,
collar, threading, and pier slot) agamst local scour at bndge piers. They conducted
experiments in clear water scour conditions and found that the efficiency of a 35-wide collar
was equal to 28.7%.

Jahangirzadeh et al. (2014) used experimental and numenical approaches to study the
effectiveness of circular collars and rectangular collars with various dimensions and levels of
nstallation relative to the streambed 1n mitigating scour around a bndge pier n clear water
scour conditions. Approximately 80% of the scouring occurred within the first 20% of the
equilibrium time. The highest rate of scouring was observed during the imtial hours of the
experiments, with the rate gradually decreasing over time. They found that the percentage
reduction of scour only changed by 1.7% as the width of the circular collar exceeded 3.55.
They suggested that the optimal and most cost-effective collar dimensions for maximizing
scour reduction were within the range of b. = 3b to 3.5b. They also developed two new
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equations using both experimental and numernical data, to predict the effect of a collar on the
percentage reduction of scour.

Khodashenas et al. (2018) also aimed to investigate the application of circular collars
around a cylindnical pier at vanious elevations from the bed. They found that mstalling a collar
of diameter 2_5b at the bed level could reduce scour depth by up to 24% and the reductions
were 5% and 18% for the collars of diameter 1.55 and 25, respectively. The rate of scour
depth was found to be significantly decreasing_ with circular collars showing 50% reductions,
when compared to a single pier without a collar.

Tabarestani and Zarrati (2019) also examined the development of scour holes around
a circular bridge pier with a collar under both steady and unsteady flow conditions. In this
study, the flow mtensity parameter 1.e., the ratio of shear velocity to critical shear velocity
(U Usc) was shown to be the most important factor for collar efficiency in delaying scour
development. Reducing Uw'Us. from 0-99 to 0-8 1n a steady flow state reduced the time 1t
takes to undermine the collar by approximately 26 times. Therefore, they concluded that the
collar would protect the pier properly at lower flow mtensities.

Wang et al. (2019), in their expenimental study, addressed the crucial 1ssue of local
scour around bridge piers, which is a danger to bridge damage. Their goal was to assess the
preventive efficacy of an "anti-scour collar” for cylindrical bndge piers m erodible sediment
beds. All the experiments were carried out under live-bed conditions. This study found that
when the collar 1s placed above the riverbed, closer proximity results in better protection, with
mncreased effectiveness observed as the mnstallation height decreased and the maximum scour
depth occurred at the front of the pier, which was consistent with the model without a collar.
Durning the first 120 nunutes of testing, there was no scour while the collar was on the bed
surface. They concluded that a collar of diameter of 35 can mimmize scour depth by more
than 50% compared to piers without protection.

Pandey et al. (2020). in their expenimental study, investigated the influence of a collar
on the temporal development of scour depth at the collar-protected circular pier. The
effectiveness of collars of vanious diameters and at different elevations was explored through
flume experiments under clear-water scour conditions. In addition to temporal scour depth
profiles analyzed over vanious time mtervals up to equilibrium scour conditions, vanations
scour depth along flume length and flume width were also investigated around non-protected
and collar-protected piers. Results of this study showed that a collar worked efficiently when
1t was provided at bed level and the rate of scour depth reduction decreased with an mncrease
in collar elevation. Also, it was found that in the presence of a collar, the maximum reduction
in time-dependent scour depth around a circular pier was observed when the collar diameter
was 2 35 In this work, a new relationship for the temporal variation of the scour depth around
the pier with a collar was proposed. This study concluded that collars could effectively reduce
scour around circular piers, but collar diameter and collar elevation were the two most
important factors in deciding the protective efficiency of collars.

Pandey et al. (2022) assessed the effectiveness of collars with different diameters and
depth positions 1n reducing scour around circular piers. Utilizing both previous and newly
collected data, the study aimed to propose and validate an empirical equation for computing
maximum scour depth. The maximum equilibrium scour depths were measured in the absence
of any appurtenances around the pier and in the presence of a circular collar under clear-water
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scour conditions. The study revealed that a larger-diameter collar (b = 2.5) effectively
reduced scour depth when positioned at bed level. The results also indicated that the best
position for collar deployment was at bed level with a collar diameter range of 1. 55-2.55. In
this work, a new equation to compute the maximum scour depth around the pier in the
presence of a collar has been derived by non-linear regression using an extensive range of
datasets. They validated their expenmental study waith a fair accuracy of the equation of
Kumar et al. (1999) for estimating maximum scour depth when 1.55< b, <2 5b, and the collar
was positioned near the bed. Furthermore, it was reported that the newly proposed equation
of this paper gave a better and more widely applicable estimation of maximum scour depth
around the pier with collar compared to the equation of Kumar et al_ (1999).

Gupta et al. (20234) aimed to assess the efficiency of airfoil-shaped collars 1n reducing
scour around circular bridge piers. Along with experimental investigations on scour reduction,
morphological changes in the sediment bed were also studied through experimental and
numerical analyses. Experiments were conducted with and without amrfoil-shaped collars
under clear water conditions. If the change in scour depth was less than 0.055 1n 24 h, then it
was defined as an equilibrium scour depth. Results of the present study showed that the four
collars (2B, 2.5, 3b, 3.55) had scour reduction percentages of 46%, 86%, 100%, and 100%
at bed level, respectively. Notably, no scour was observed around the prer wath collars of sizes
3b and 3.55. When collars were kept at a height of h./4, percentages of scour reduction were
53%, 59%, 61%. and 56% respectively. The percentages of scour reduction were 37%,
48.14%, 45.67%. and 16% when the collars were kept at a height of //2, and 22%, 19.75%,
32.01%, and 16% when kept at a height of 3/n./4. It was also seen from the profiles of the
scour hole that the length of the transverse scour hole was greater than that of the longitudinal
one. It was concluded that airfoil-shaped collars placed at the bed level were the most efficient
in reducing scour. Specifically, collars with diameters of 25, 2.5b, and 35 demonstrated the
highest effectiveness, resulting in scour reduction rangmg from 86% to 100%. Initially, the
efficiency of the collar was found to be rapidly reduced because of the fast rate of scounng
around the pier. However, that efficiency was mcreased later due to the weakemng of the
horseshoe vortex and the protection provided by the airfoil-shaped collar. Tt was observed that
scour reduction percentages decreased as the collars were elevated, with the highest
reductions occurring at bed level. In both the experiment and the simulation, 1t was confirmed
that there was no scour around the pier when a collar of diameter 35 was placed on the bed.

Gupta et al. (2023b) expenmentally mvestigated the effectiveness of four different
airfoil collars in reducing scour around the circular bridge pier. Airfoil collars, varying in
diameter and placed at four different locations from the umform sediment bed, were
introduced to understand their mnfluence on scounng Expenments were conducted under
clear water scour conditions. They compared scenarios with and without the airfoil collar. A
total of 69 expenments were conducted. From the expenimental results, 1t was seen that the
scour depths at the pier with airfodl collars of diameters 2 5b and 3b when placed on the bed
level were found almost zero. When the collar was placed at bed level, A,/4, h,/2, and 3h,/4
above the bed level, the protection efficiencies were found to range between 65-100%, 40—
53%, 23-38%, and 8-29% for the collars of diameter of 1.5b, 2b, 2 55, and 35, respectively.
They concluded that increasing the pier diameter and flow intensity led to greater scour depth
while increasing the collar diameter minimized scour at the pier. It was seen that larger collar
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and pier diameters resulted in increased scour around the pier at threshold velocity. It was
also reported that the collar placed on the bed reduced the volume of the scour hole by
reducing the scour hole's length, width, and depth. An empirical relationship was proposed
for the temporal vanation of scour depth. Statistical sensitivity analyses were performed and
1t was found that the most and least sensitive parameters were h/n, and T where h and T
were the collar’s location from the water surface and dimensionless time, respectively.

Kassem et al. (2023) conducted a clear water scour expenmental investigation that
examined the impacts of circular and novel hexagonal collar shapes on scounng around
circular piers embedded in a umiform sand bed. They analysed the scour geometry for both
protected and unprotected piers, with an evaluation of the percentage reductions in the scour
hole dimensions and volume. They found that using collars notably altered the scour
mechanism around the pier, changing the topography, shifting the maximum depth, and
decreasing both the volume and dimension of the scour. While the unprotected pier exhibited
its greatest scour depth directly in front of it, the collared pier expenienced three deep scour
holes, one in front and two behind. They also found that nondimensional scour depth
increased as Fr and U/U: increased for all tested groups. In the presence of a circular collar,
within the range of Froude number (0.10-0.33), the maximum scour depth was reduced by
approximately 42-37% compared to an unprotected pier. They proposed empirical prediction
formmlas for scour dimensions. To mcorporate a novel consideration for estimating scour
depth at collared piers, common prediction equations were updated by adding the newly
developed collar shape coefficient. The proposed and upgraded formulas were compared and
validated, showing robust consistency in the findings.

Gupta et al. (2024) experimentally evaluated the performance of circular and octagonal
collars in reducing scour around the pier. A total of 33 experiments with and without collars
were carried out under steady uniform flow and clear water conditions. The efficiency of four
different-sized circular collars at four different elevations was studied. They found that the
maximum scour depth for an unprotected prer was 1.585 and with circular collars (b = 2.55)
1t was 0.37b, 1.285, 1.395, and 1.475 when placed at a height (hc) of 0, 0.25k, 0.5/, and
0.75k respectively. The scour reduction percentages were 76.8, 18.9, 12.6, and 7.3% at those
four heights. When placed at bed level, the percentage reductions in scour were 16.84, 36.84,
76.9, and almost 100% for collars of diameter 1.55, 25, 2 55, and 35 respectively. They found
the collar of diameter 35 to be the most effective one. Relationships for temporal and
maximum scour depth at a pier with a collar (given 1n the following section) were proposed.
From statistical and sensitivity analysis they observed that the location of the collar followed
by the collar width were the most influential parameters.

2.3 Literature Formulas to Predict Equilibrinm and Temporal Scour
Depths around Pier with Collar

Some empirical equations have been developed in the previous literatures for estimating
temporal and equilibrium scour depths at the pier 1n the presence of a collar. These formulas
are listed in the Table 2 1. The conditions at which these predictive equations can be applied
as described 1n the literatures are also mentioned in the table.
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Table 2.1 Equations proposed in previous literatures to predict the scour depth around a circular pier with collar of different shapes

Shape  Scour Literature Equation Conditions Notes
Circular Equilibriom  Kumar et al. 1612 0837 * Sheuld be used for h < b+ Dye.
P et 4 e b h ouly b = pier diameter
Collar (1999) TmTm_gos7| | |2 ;
D b b, = collar diameter
& h I, = collar length
Circolar Equihbrium  Jahangirzadeh D,-D_, 100 — 0575714614 4096 = Ca.n be e:lfl:'ec,tme]y apphed t-:! a tj'PK-!ﬂ] A P
Collar et al (2014) x e e niver experiencing flood conditions with T e,
- fine gravel as bed sediment. e = flow depth
Circular Temporal Pandey et al. D 5 082 h —0.58 = Collar must be fixed on the bed or above. Dw R
Collar (2020) Pt _go3| % 2| toar * Valid under non-contracted and clear- " bl SO
D, b P 2 water scour conditions (TVL] = 1) Pt T e
" i it o without collar
Circular Maximum — Pandey et al D -D g 017 i 048 * Applicable for amy collar location p = equilibrium scour
Collar (2021 s s u_gﬂ[_‘J et (below, at, or above the bed level). depth for pier
DL b) \h, without collar
Circular Maxmmum — EKassem et al. D, 1540 » LU, =1, Fr=033, ho/b =260 uniform D= temporal scour
Collar (2023) e 750(Fr) " K, sand bed with b/ds = 50, and g = 1.50. depth around the
Airfol Temporal ~ Guptaetal o BACLYIR( p * Collar must be fixed on the bed or above. A ?‘1&1 .““::W
Collar (2023b) Zw sa _ogal =€ || = — | (logT, )4]-”3 +021 * UU, < 1, miform sand, steady and Py
2L . I depth around the
D, b )\b h, uniform flow, no contraction effect. G
pier with collar
Awrfil  Mazmum — Gupta etal D -D 5 108 ] 12 S 11 ® Same as the previons one. B ﬂlxlgz = shape factor
Collar (20238) ot M - R I s | e e itk for circular collar (=
D, b) \b hy 0.105 and 0.048)
Circolar  Temporal Gupta et al. D.-D b L&7 i 331 » Circolar collar must be located on or K. = collar shape
Collar (20243 24 _K, (_‘J i logT, above the bed under clear-water coefficient (=0.623)
D, b h, conditions in steady and uniform flow.  de=o'4x(b b
* Sand should be unmiform and wall 4r=m4xb?
interference should not be present. I|I & _1ed
Circular Maximum — Gupta et al D -D 5 1 h 3 * Same as the previous one. . ={—J'Elmf
Collar (2024) 2w _K|-L£||— (b 1},”}3
D, b)\h :
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2.4 Research Gap

Bridge pier scour has been extensively studied over the years. but 1s still the leading cause of
bridge failures (Lagasse et al, 2007). This indicates that, despite the advances made i
understanding scour, there are still cnitical gaps that need further exploration. Based on the
review of literatures performed above, three key areas stand out where research 1s erther
insufficient or could be significantly enhanced: (1) Flow mechanism, temporal development
of clear water scour around a pier in the presence of a collar, (2) Influence of collar shapes on
scour reduction, and (3) Temporal scour depth prediction formula.

=]

It 15 observed from the literatures that a few studies addressed the flow mechanism and the
temporal scour depth was measured only at the upstream face of the pier with a collar.
However, it 15 necessary to understand the flow pattern and temporal scour depth at the
sides and downstream of the pier also as the collar alters the flow pattern around the pier.
Very few researchers studied the influence of different collar shapes on scour reduction. It
15 essential to understand the impact of collar shapes on protection efficiency.

Accurate estimation of temporal scour depth around the pier with a collar 1s very important
for the safety and stability of the bridge pier. From the literatures. 1t 1s seen that only a few
equations are available to calculate temporal scour depth around the pier in the presence
of a collar and also, they are not widely applicable. Additionally, to calculate D, from
those equations D 1s first needed to be determined eisther through expenmentation or by
using existing formulas.

2.5 Aim of the Present Study

The present study aims to contribute to the areas mentioned above. The aim 1s to:

(]

Investigate the temporal scour depth around a pier with and without a collar at four
different important locations.

Study two different collar shapes (circular and airfoil) to understand the influence of collar
shapes in reducing scour.

Develop an equation to more accurately predict the temporal scour depth around a circular
pier with a collar directly without knowing the scour depth around the same pier without
collar.
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CHAPTER -3

SCOUR MECHANISM AND SCOUR COUNTERMEASURES

3.1 Scour Countermeasures

Scounng 1s an 1ssue that may not always be anticipated durning the design phase but can
develop later. Due to the potential damage and safety nsks associated with scour
implementing retrofit solutions 1s crucial. According to HEC-23, these solutions are known
as countermeasures, which are defined as methods used to *...momtor, control, inhibit,
change, delay, or mininuze stream instability and bridge scour problems™ (Lagasse et al.,
2009). Countermeasures are highly useful as they can address existing scour 1ssues or prevent
future ones. Each countermeasure has its own advantages and disadvantages, making it
challenging for engineers to choose the most appropriate one for a specific situation.

3.2 Types of Scour Countermeasures

HEC-23 classifies countermeasures into three categones: hydraulic, structural, and
monitoring (Lagasse et al_. 2009) as shown in Fig. 3.1. Countermeasures have been classified
based on how they address scour and stream instability. The following sections will delve
into these categonies, providing examples and discussing the benefits and drawbacks of each.

3.2.1 Hydraulic Countermeasures

Hydraulic countenmeasures focus on altening the flow path through the use of niver tramming
structures or riverbed armoring (Lagasse et al . 2009). This approach modifies the surrounding
environment rather than the brnidge itself The advantages of this method mnclude cost-
effectiveness. reduced impact on the bridge, and potentially easier installation.

River Training Structures

River traming structures are employed to alter the flow behavior upstream or around a bndge
pier to reduce potential scour caused by the flow. These structures can be made from various
materials, including wood, metal, or concrete. However, their orientation in the flow is
crucial. They can be positioned perpendicular (e g . gromns) to the flow, parallel (e g , pude
banks) to it, or spread across (e.g., sacrificial piles and vanes) the river, with each arrangement
offering distinct benefits (Lagasse et al., 2009).
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Armoring Countermeasures

Armorning methods are more commonly used as scour countermeasures compared to river
tramning structures. In the armonng method, a protective layer 1s placed over the riverbed to
help the underlying erodible matenial withstand the increased forces from the flowing water
(Lagasse etal., 2009). Typically, atmonng can be applied to large areas, mcluding riverbanks,
or it can be focused on protecting specific areas like around bridge piers, which s the primary
focus of this research. Armoring countermeasures generally do not significantly alter the flow
behavior, nor do they vary in function, but they differ considerably in terms of materials and
construction. These countermeasures can be divided into two categones based on their
flexibility - flexsble and ngid. Armonng techmques include niprap, partially grouted niprap,

cable-tied blocks, grout-filled containers, gabions, etc.
Transverse
structures
W River training Longitudinal
structures structures
Areal structures
Hydraulic

countermeasures
Revetments and
bed armor
Arr‘ru‘trmg F|E)€Ib|E.|r

co unterme asures artlculahng

Loc aI sCcour
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Countermeasures

Fixed
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Fig. 3.1 Classifications of Scour Countermeasures (modified from Lagasse et al | 2009)

3.2.2 Strucitural Countermeasures

Structural countermeasures offer an altemative to hydraulic methods by modifying the bndge
piers to help reduce scour. These countermeasures are categorized based on which part of the
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pier 15 being adjusted. Foundation strengthemng addresses the portion of the pier below the
nverbed, while pier geometry modifications focus on the part of the pier above the nverbed
(Lagasse et al., 2009).

Foundation Strengthening

Foundation strengtheming 1s one of the most comprehensive and resource-intensive methods
for mitigating scour-related failures. This approach involves enhancing the existing pier
foundation, either by increasing remforcement or expanding 1ts size to improve the pier’s
stability and thus prevent failure if the nverbed lowers due to scouring (Lagasse et al_, 2009).
Common foundation strengtheming techmques include enlarging the footing with additional
concrete, filling scour-induced voids beneath the footing, or installing piles under the footing.

Pier Geometry Modifications

Pier geometry modifications focus on the portion of the pier above the niverbed, aiming to
influence the flow behavior. By altering components such as the shape, texture, and overall
geometry of the pier (Pier slot, Collars), the intensity of the horseshoe vortex, the mcreased
velocity along the sides of the pier, and the wake vortices can be dimimshed This 1s
advantageous because these flow charactenistics directly impact the scour depth.

3.2.3 Monitoring

The final group of countermeasures is monitoring, which differs from the others as it is a
reactive approach. Instead of physically altering the pier site to prevent scour, monitoring
alerts relevant personnel when scour 1s occurning. Once notified of scour, actions can be taken
to stop or mitigate further damage before failure occurs. Monitoring is valuable because it
addresses the uncertainty associated with pier scour, as predicting exact scour depths can be
challenging.

There are three momtoring techmques. Fixed instrumentation mvolves monitoring
devices installed at specific locations on the bridge. Fixed instmumentation 1s beneficial for
providing real-time data on scour depths and, in some cases, tracking the scour process over
time (Conaway, 2006). However, the main limitation 15 that mnstalling monitors on every pier
may not be practical, so typically only a few piers are selected for momtoring (Lagasse et al.,
2009). Portable mnstrumentation refers to momitonng devices that are not permanently
attached to the bridge. These devices can be used on nultiple piers of a single bridge and then
moved to other bridges as needed. Visual mspection mvolves momitoring the bndge using
standard methods without advanced instrumentation. This includes regular site visits, as well
as inspections before and after significant flow events, to record the nverbed height around
the piers (Lagasse et al., 2009).
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3.3 Flow-altering Countermeasures

Engmeenng solutions for reducing scour at bridge piers can be broadly classified mto two
categories, namely flow-altering countermeasures and armoring countermeasures. Flow-
altering countermeasures aim to disrupt the flow field around the pier, thereby weakening the
erosive power of downflow and horseshoe vortex system, which are the primary causes of
pier scour (Parker et al | 1998; Chiew and Lim, 2003). These devices can break up vortices
and reduce velocity near the piers (Lauchlan, 1999) Parker et al (1998) reviewed the
literature on both types of countermeasures. Since then, new expeniments have been
conducted on flow-altening methods such as collars, slots, and sacnificial piles, along with
various combinations of countermeasures. Flow-altering countermeasures are further divided
into four categories based on shape and performance: (1) openings through piers, (2) pier
attachments_ (3) bed attachments, and (4) other devices (Fig. 3.2).

Armoring methods might not effectively protect the local scour around bridge piers due
to niprap failure mechamisms like shear, winnowing, edge failure, and bed form undermiming.
This also highlights the need for flow-altering devices, as they significantly modify the flow
field, reducing the impmging downflow, which in turn weakens the strength of horseshoe
vortices. Additionally, flow-altering devices may be a more cost-effective solution, especially
when riprap stones are either scarce or too expensive.

Opening through piers: The mtensity of the downflow and horseshoe vortex 1s
diminished by permitting some of the imcoming flow to pass through openings within a pier
or among smaller piers. Three pnimary configurations have been suggested to achieve this,
namely internal connecting tubes, pier groups, and slots (Tafaronoruz et al., 2010). Vittal et
al. (1994) suggested replacing a solid pier with three smaller piers in two configurations:
partial and full pier groups. Slots were studied by many researchers including Chiew (1992),
Eumar et al. (1999), and Moncada-M et al. (2009).

Pier-attachments: In this type of flow-altenng countermeasures, the downflow and
horseshoe vortex are weakened by attaching suitable devices to the piers. These devices
include threading, collars or horizontal plates, and pier-attached plates. Dey et al. (2006)
suggested that threading was economical and easy-to-install countermeasure. The collar was
found to be an effective countermeasure by several authors and 1t 15 discussed in the next
section.

Bed-attachments: This type of countermeasure diverts or weakens the approach flow
and modifies the boundary layer. Melville and Hadfield (1999) described sactificial piles as
piles placed upstream of a bnidge pier to protect it from local scour. These piles, which may
experience significant scour themselves, protect the pier by deflecting high-velocity flows
and creating a wake region behind them Chang and Kanm (1972) and Paice and Hey (1993)
conducted both laboratory and field studies on sacrificial piles. Vanes and sills were studied
by Odgaard and Wang (1991), and Lauchlan (1999).

Johnson and MNiezgoda (2004) identified two main types of flow-altering devices. The
first type breaks up vortices and reduces high flow velocities, particularly upstream of a pier.
Common examples include sacrificial piles such as sill, sheet, or cylindnical piles. The second
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type realigns the flow to prevent local and contraction scour, as well as bank widening and
lateral migration. Examples include vanes and guide banks.

Vanes Surface
and sills guide panels

Sleeve and
collared sleeve
Internal
connecting tubes

ﬂ-ﬁ
group

Footing and
caisson

Sacnficial
piles
Threading

Bed-
attachments

Flow-altering
countermeasures

Suction
applied to pier

Modifying pier
shape

Fig. 3.2 Classification of flow-altering countermeasures against pier scour (modified from
Tafarojnoruz et al, 2010)

According to Johnson and MNiezgoda (2004), “the feasibility of and confidence in each
of the vanous countermeasures depend on many vanables, including effectiveness, cost,
maintenance, and the ability to detect failure. ™ Therefore, the type of protection applied to a
bridge pier depends on the specific nature of the problem. In the present study, we tried to
explore collars.

3.4 Collars

Melville and Coleman (2000) defined collars as devices attached to the pier, typically near
the bed. A collar 15 a thin protective disc designed to protect the bed from the scounng effects
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of downflow at the pier and the associated vortex action around the base of the pier (Chiew,
1992). A collar extends around the outside edge of the pier, aiming to reduce scour by
inhibiting and deflecting local scour mechamsms. It should not be so thick that 1t obstructs
the flow and promotes scour (Whitehouse, 1998).

The effectiveness of the collar largely depends on its diameter and position on the pier.
Chiew (1992) found that larger collar diameters lead to greater reductions in scour. However,
engineers typically aim to keep the collar as small as possible to minimize environmental
impact, simplify fabnication, reduce material use, and lower costs. Figure 3.3 illustrates
typical collars (circular and airfoal) and their arrangement for circular piers.

(a) (b)

Fig. 3.3 Collars and their arrangement for circular piers (a) circular collar; (b) airfoil collar.

One notable 1ssue with collars 1s the nisk of undermining beneath them, especially under
live-bed conditions where passing bed forms with troughs can expose the edges of the collar
to the flow. This can lead to scour beneath the collar, eventually exposing the pier and
rendenng the collar meffective (Chiew, 1992). However, if erosion undemeath the collar can
be effectively managed. collars could serve as an excellent countermeasure, as they have been
found effective m reducing scour by over 50%. Due to the potential shown by collars, this is
an active area of research.

3.5 Local Scour Mechanism with and without Collar
The flowing pattern of a normal flow comes to a sudden change when 1t encounters a pier on
its path. The basic mechamism creating the local scour around a bridge pier has been identified

as the system of vortices that develops around the pier. The vortex system 1s generally
composed of three components as discussed below.
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3.5.1 Horseshoe Vortex and Downflow

The presence of a prer in flowing water obstructs the flow and creates a pressure field on the
upstream face of the pier that causes the approach flow to separate around the pier. The
boundary layer flow past a circular pier undergoes a three-dimensional separation (Figs. 3.4-
3.5). This separation results in a portion of the flow being drawn downwards immediately in
front of the pier. The downward flow then travels to the nverbed, where it 1s redirected
upstream for a short distance before being camed back downstream by the passing flow. This
motion creates a continuous 360-degree flow path, causing the flow to circulate repeatedly as
it propagates around the front and down the sides of the pier until 1t merges with the main
flow_ This phenomenon is known as the horseshoe vortex because if viewed from the top, this
vortex system has the characteristic shape of a horseshoe (Fig. 3.4). Raudkivi and Sutherland
(1981) described the horseshoe vortex 1n local scour as “resembling a very thick rope caught
by the pier with its ends trailing downstream.. ™. The formation of the horseshoe vortex and
the associated downflow around the circular pier results in increased shear stress (Melwlle
and Coleman, 2000) which consequently results in the sediment transport capacity of the flow
in that area. This process leads to the creation of a deep scour hole around the pier and that 15
why the horseshoe vortex 1s known as one of the primary contributors to pier scour (Chiew,
1992).

(a)

Bow wave

o Pier S
Flow
Downflow B

Horseshoe vortex

(b)

= -

Fig. 3.4 Flow structure at the circular pier without collar (a) side view; (b) top view.

The downflow in front of the pier 1s the main cause of the erosion of local scour around
bridge piers. It acts somewhat like a vertical jet i eroding the bed matenial. Ettema (1980)
commented that “the velocity of the downflow, impinging on the base of the scour hole,
increases as the scour hole forms and deepens. At a certain depth of scour, the downflow
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attains a peak strength and thereafter it gradually decreases as the scour hole deepens.” (from
Chiew, 1984). The temporal vanation of scour and the maximum depth of scour at bndge
elements therefore mainly depend on the characteristics of flow, pier, and river-bed material.

Melville (1975) described the development of the horseshoe vortex and the scour hole

as follows (from Chiew, 1984):

o Imtially, the horseshoe vortex is small and comparatively weak, with a roughly circular
Cross-section.

o With the formation of the scour hole, the vortex grows rapidly 1 both size and strength,
as more fluid attains a downward component, and the strength of the downflow mntensifies.

o The horseshoe vortex descends mto the developing scour hole and expands as the hole
widens.

o As the scour hole continues to grow, the circulation associated with the horseshoe vortex
increases due to the enlarging cross-sectional area, but at a decreasing rate.

The portion of the flow that 1s not drawn down to the niverbed but remains influenced
by the pier, alongside the horseshoe vortex. experiences an increase in velocity as it moves
past the sides of the pier (Ettema et al , 2017). This happens because the flow must travel a
farther distance to bypass the pier, therefore resulting in a flow contraction and, ultimately,
an mcrease in velocity. The increased velocity leads to higher shear stress on the bed on etther
side of the pier, whuch directly contributes to scouring in these areas (Amneson et al., 2012).

3.5.2 Wake Vortex

In addition to the horseshoe vortex and downflow, wake vortex 1s another sigmficant cause
of scour around bridge piers. Wake vortices are the result of flow separation at the sides of
the pier. When the flow passes along the sides of the pier, the shear layers next to the pier
generate vortices with a vertical axis (Fig. 3.5). These vortices, formed along the sides of the
pier, are unstable and shed alternately from both downstream edges in an oscillatory manner.
The frequency of vortex shedding i1s directly proportional to the approach velocity and
inversely proportional to the pier diameter. Once they are shed, they create a trail of vortices
that move downstream, gradually losing energy as they travel farther from the pier. Due to
their vertical onientation, the revolving flow within each vortex creates a low-pressure region
at the center, which draws sediment off of the nverbed and up into the vortex. They act as
little tornadoes lifting the sediment from the bed and generating an independent scour hole
downstream of the pier (Zarrati et al., 2006). To describe the scouring action, Melville (1975)
wrote “Each of the concentrated vorfices acts with its low-pressure center as a vacuum
cleaner,” picking up material from the bed, which 1s then transported downstream Known
as wake vortices, these structures contribute, to a lesser extent, to the scour occurmng along
the sides and rear of the pier (Marris, 1964; Stevens et al., 1991; Ettema et al_, 2006).

Wake vortex scour occurs downstream of the pier and it has little or no destructive
potential As the horseshoe vortex scour occurs at the face of the pier and threatens to
undermine the pier, this type of scour has been given considerable theoretical thought by
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Bruesers et al. (1977) and 1s well-documented with model studies by Raudkrv (1986) and
other researchers. However, information on wake vortex scour at bridge piers 1s particularly
scanty, and the knowledge about the same has come mainly from a few laboratory tests of
Melwlle (1975).

e 6%
Qf

Horseshoe vortex

Fig 3.5 Flow structure at the circular pier without collar case.

At most bridges, wake vortex scour 15 insignificant and confluence scour does not exist.
In clear-water nvers flowing on fine sand, these two forms of local scour can be very large.
The deep scour holes downstream from the large circular piers (10 and 15 m in diameter) at
the Tahrir and Imbaba Bridges over the Nile River in Cairo, Egypt were produced by the
conflicting velocity fields at the intersection of the wake vortex streams from adjacent piers.
The depths of scour due to these wake vortices are now 8 to 11 m where the normal depth of
flow 1s approximately 8 m. Confluence scour where the main and side channel join upstream
from the Imbaba Bridge was 9 m in 1981 and 1987 and was aligned with the bisector of the
intersection angle of the two channels. These depths of scour can be considered nearly clear-
water scour as the bridges are in the backwater of the Delta Barrages, the velocity is less than
1 m/s and sediment transport 1s very low. There is concern that the holes may enlarge or move
upstream endangering the piers and the bnndges. We have made observations i the vicity
of the scour holes and have come to the conclusion that, 1n each case, the scour was caused
by two streams of wake vortices from adjacent piers intersecting downstream. The vortices
that result from the two conflicting velocity fields create local scour. At one bridge, the scour
15 enhanced by the vortices that occur at the confluence of the main channel and its side
channel. This is known as confluence scour.

3.5.3 Bow Wave

The presence of a pier generates a surface roller around 1t. stmilar to a bow wave created by
a boat, and a horseshoe vortex at the base of the pier. These two rollers rotate in opposite
directions. In principle, as long as the rollers do not interfere with one another, the local scour
depth remains unaffected by the flow depth. However, as the flow depth decreases, the surface
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roller becomes more dominant and eventually suppresses the horseshoe vortex, cansing the
vortex at the base of the pier to reverse its direction of rotation in very shallow conditions
(Raudkivi and Ettema, 1983).

31.5.4 Flow Mechanism in the Presence of a Collar

When a collar is attached to the pier, it alters the flow pattern around the pier and disrupts the
formation of the horseshoe vortex and downflow. The collar prevents the direct 1mpact of
vortices on the sediment bed (Fig. 3.6). As a result, the increased shear stress typically caused
by the horseshoe vortices 1s mitigated, reducing the extent of local scour around the pier. The
collar divides the flow into two regions above and below the collar as shown mn Fig. 3.7 For
the region above it, the collar acts as an impenetrable barner against the downflow, and hence
the downflow loses its strength on impingement at the collar. In the region below the collar,
the strength of downflow and therefore the horseshoe vortex 1s reduced (Kumar et al | 1999).
The collar also modifies the flow separation, which 1s responsible for the formation of wake
vortices. Larger-sized collars (2 55 — 4b) increase the mtensity of wake vortices by altening
the flow dynamics. This results in a deeper scour m the wake region. The absence of scour at
the front and sides prevents sediment from being deposited in the wake for larger collars, and
thus the higher scour in the wake is understandable (Kumar et al | 1999).

r Y ¥}

Collar plate at
sediment bed level

N

Fig. 3.6 Schematic view of flow mechamsm upstream of a pier with a collar just before
scournng starts to develop.

The scouring processes described above lead to the removal of sediment from around
the pier, which must be relocated. This sediment 1s typically transported a short distance
downstream, where it is deposited once the flow has no longer enough energy to keep it
suspended. Near the pier, the flow velocity increases due to the prer-induced flow behaviors,
but it retums to the velocity downstream, causing sediment to be removed from the area
around the pier and deposited shightly downstream While scouring is recogmized as a
problem, sediment deposition also presents 1ssues, such as sigmficantly reducing water depth
(Ettema et al , 2006). This is particularly concerning in areas with active boat traffic, as the
nsk of vessels runming aground mcreases, making dredging necessary to address the 1ssue.
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Therefore, both scour and the resulting sediment deposition are undesirable, mghlighting the
need for an effective solution to this complex problem.

Fig. 3.7 Schematic view of scour and deposition around a pier in the presence of collar
(diagram 1is not to scale).

3.6 Factors Affecting Local Scour at Pier

Local scour around bridge piers 1s influenced by several interrelated parameters according to
Raudkivi and Ettema (1983), Richardson and Dawvies (1995), Dey (1997), Lagasse et al.
(2001) and others. This interdependence means that the effect of one specific parameter on
the depth of the scour hole may be overshadowed by others. The complexity of these
interactions limits the effectiveness of mathematical analysis, as 1t would require simplifying
assumptions for a solution. To understand the impact of each parameter, they can be primanly
grouped mto different categonies as follows:

Scour depth = f (flmd, flow and sediment properties, pier and collar geometry, time)

Fluid properties: In flmd mechanics, a fluid 1s characterised by its density (p) and
kinematic viscosity (v). both of which depend on temperature. In laboratory settings, the
temperature can be controlled, and the data typically pertain to a constant temperature.
However, 1 real-world conditions, temperature may affect scour depth by influencing fhud
properties. Currently, no data are available to quantify this influence.

Flow properties: The flow of a fluid 15 characterised by its depth (A,,), flow velocity (T7),
slope of the channel (S;), gravitational acceleration (g), critical velocity (U:), bed roughness,
efc.

Time: Dey et al. (1997) included the time of scouring as an additional parameter.
Scouring is a gradual process where the scour geometry of the sediment bed approaches a
new equilibnum shape. This takes time and 1t 15 particularly important during a flood. The
duration of the flood determines 1f the peak conditions last long enough to achieve maximum
scour depth. The early stages of flood recession are especially crucial, as the maximum scour
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depth can occur when the bed elevation 1s at its lowest due to general scour. As the flood
decreases, general sediment transport 1s reduced to such an extent that clear water scour
conditions could prevail. At this time, the rate of scour development can sigmificantly impact
the maximum scour depth.

Pier geometry: The effects of a pier are pnimarily determined by its diameter (b),
although other sigmificant factors include the shape of the pier, the number of piers, the angle
of attack of the flow with respect to the pier axis the ratio of channel width to pier width
(B/b), also known as the aspect ratio, the surface condition of the pier, blockage of the flow
channel by ice or debris accumulating at the pier, etc.

Collar geometry: The effects of collars are determined by their width (b.), length (J.).
thickness (f;), shape, position of the collar on the pier, number of collars, etc.

Sediment properties; Sediment can be characterized by its specific gravity (S) or mass
density (p;) and the grain size distribution. The uniformity of particle size distribution 1s
defined by 1ts standard deviation (gg). Other important factors include the cohesiveness of the
sediment, shape factor, angle of repose, etc.

The list of vanables affecting the clear water temporal scour in the presence of a collar
1s very long. Limiting the study to the case of the pier with a collar in a river whose flow 1s
assumed to be steady and uniform, there are many parameters that may influence the scounng
phenomenon as shown in Table 3.1. A bnef summary of how each parameter influences scour
at the pier with collar 1s provided below.

Table 3.1 Parameters influencing local scour at the pier with collar

Attribution Variable name Symboel Dimension
Pier Pier diameter b [L]
Pier shape - -
Collar Collar diameter be [L]
Length of the collar lc [L]
Collar thickness tr [L]
Collar shape - -
Elevation of the collar from bed level h [L]
Flow Approach flow depth - L]
Flow velocity u [LT Y]
Cntical flow velocity Ue [LT]
Flume Flume width B [L]
Channel bed slope 5o [MOLOTY]
Fluid Acceleration due to gravity g [LT]
Density of flmd Py [ML3]
Kinematic viscosity of fluid v [L2T]
Bed material  Sediment density Ps [ML]
Geometric standard deviation Oy [MPLET?)
Median size of sediment dso L]
Time Instantaneous time t [T]
Run duration b [T]
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3.6.1 Pier Diameter (&)

Expenments have demonstrated that scour depth 15 related to the size of the pier (Breusers et
al_. 1977). This can be physically explained by the fact that scour 1s caused by the horseshoe
vortex system, whose dimensions depend on the pier's diameter. Additionally, the horseshoe
vortex, one of the pnimary scouring agents, 15 proportional to the prer Reynolds number (Rep)
which is a function of the pier diameter. Therefore, for a given mean approach flow velocity,
scour depth 1s proportional to the width of the pier.

Under clear-water scour conditions, the size of the pier primarily affects the time
required to reach the equilibrium scour depth but does not significantly impact the relative
magmitude of scour depth (D./%), provided that the effects of relative flow depth (//b) and
relative grain size (b/dso) on the local scour depth are not considered according to Breusers
and Raudkrvi (1991). They also illustrated that the volume of the local scour hole formed
around the upstream half of the penimeter of the pier is proportional to the cube of the pier
diameter. The larger the pier the larger the scour hole volume and also the longer the time
taken for the development of the scour hole for a given shear stress ratio.

3.6.2 Pier Shape

Bridge piers are built in a vanety of shapes. The most common are circular, rectangular,
square, rectangular with chamfered ends, oblong, lenticular, and Joukowski. Figure 3.8
illustrates some of these pier shapes. Research has shown that the shape of the pier affects
scour depth. as reported by numerous studies (e.g , Brensers, 1977; Breusers and Raudkivi,
1991; Dey, 1997; Melwville and Coleman, 2000). Generally, blunter piers tend to cause deeper
local scour. The front nose of the pier plays an important role m determimng maximum scour
depth whereas the shape of the downstream end of the pier 1s less sigmficant.

A shape factor 15 often used to account for the influence of pier shape. Melville and
Coleman (2000) referenced the work of Mostafa (1994), who proposed shape factors for
uniform piers — those with a constant section throughout their depth. Mostafa's
measurements mdicated that circular piers resulted in the least scour, while rectangular piers
with blunt ends caused the most. In practice, shape factors are most relevant when axial flow
1s maintained, as even a slight angle of attack can negate the advantages of a streamlined
shape (Melville and Coleman_ 2000).

Non-umform piers, such as those with piled foundations, caissons, slab footings, and
tapered designs. also affect scour depth. For tapered piers with sloping upstream and
downstream faces, the angle of the taper influences scour depth. Specifically, downward-
tapered piers induce deeper scour compared to a carcular pier of the same width.
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Fig. 3.8 Schematic illustrations of some conventional pier shapes.
3.6.3 Collar Diameter (b.)

Studies have shown that collar size has a signmificant effect on maximmum scour depth. A larger
diameter collar can reduce scour depth sufficiently (Pandey et al | 2022). A collar of diameter,
b: = 3b was found to be more effective than the collar of diameter 2b. It indicates that the
larger the collar diameter, the smaller the scour depth (Moncada-M et al_, 2009). When the
size of the collar 1s large, it can protect the larger area of the bed in front of the pier from

impingement by the downflow, thus reducing scour.
3.6.4 Collar Elevation (/)

Collars can be posttioned at different elevations relative to the sediment bed — on the sediment
surface, above it, or buried below. Each placement influences the interaction between the pier
and the flow dynamcs differently, altering the effectiveness of scour reduction.

When placed on the sediment bed, the collar acts as an immediate barner to the
horseshoe vortex and downflow right at the sediment interface, directly preventing sediment
removal around the pier base. This position 1s generally most effective 1n reducing scour
(Moncada et al., 2009; Pandey et al, 2020; Gupta et al., 2023a; etc) because 1t directly
obstructs the erosive flow and vortex activity at the point of mitial impact.

When the collar 15 located below the bed, 1t does not obstruct the mmitial erosive forces
acting at the pier base, allowing the horseshoe vortex and downflow to remove sediment until
the collar 1s eventually exposed. Once exposed, 1t starts to mitigate further scour, but by this
time, significant sediment loss may have already occurred. Few previous studies (Moncada-
M et al., 2009; Khodashenas et al., 2018) claim that this collar position 15 also effective and,
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in some cases, the efficiency 1s even greater compared to other elevations. However, a proper
explanation for the underlying reasons 1s missing.

When the collar 1s fixed at any level above the bed, it drvides the flow mto two regions
above and below the collar. As a result, the strength of the downflow and horseshoe vortex 1s
reduced to some extent but scour develops due to the flow beneath the collar. This position 1s
the least effective and does not provide sigmficant protection.

3.6.5 Flow Depth (/)

The impact of flow depth on scour depth has been studied by various researchers (Breusers
and Raudkrvi, 1991; Melwville and Coleman, 2000; etc). The presence of a pier m a channel
creates a surface roller around the pier and a horseshoe vortex at its base. Flow depth
influences local scour depth by affecting the mteraction between the surface roller (or bow
wave) at the pier’s leading edge and the horseshoe vortex. These two rollers rotate in opposite
directions, and as long as they do not interfere with each other, local scour depth 1s primanly
determined by the pier diameter rather than flow depth. In such cases, commonly referred to
as deep flow conditions, local scour is typically observed around narrow piers. When flow
depth decreases, the surface roller becomes more prominent, reducing the effectiveness of the
horseshoe vortex in sediment entrainment. Consecquently. in shallower flows, the local scour
depth decreases. In very shallow flows, local scour becomes dependent on flow depth, and
the scour 1s typically associated with wider piers.

In summary, observations indicate that at shallow flow depths, local scour around piers
increases with flow depth. However, at larger water depths (1.e.. deep flow), scour depth
becomes independent of flow depth but depends on the pier diameter.

3.6.6 Median Sediment Size (dso)

The impact of the grain size and the density of the sediment matenial are often charactenized
as a function of the cnifical flow velocity for the iitiation of sediment motion. Breusers and
Raudkivi (1991) reviewed the work of Raudkivi and Ettema (19774, &), which investigated
how sediment size influences the local depth of scour around a bridge pier. It was observed
from their expeniments, conducted under clear-water scour conditions using a pier with a
diameter of 10.2 cm and a flume of 1.5 m width, that sediment size of d50 < 0.7 mm leads to
the formation of nipples, while sediment of dsp = 0.7 mm does not. The study also found that
the scour results differed significantly between these two sediment size categories.

According to Raudlavi and Ettema, for sediments of d50 = 0.7 mm where ripples do not
form_ the expeniments can be conducted successfully under a flow condition, Th/Us, = 095,
without causing disturbances in the upstream bed by the approaching flow. However, for finer
sands (dsp = 0.7 mm). 1t 1s not possible to maintain a flatbed under the same flow conditions
due to ripple formation. In such cases, a flatbed cannot be sustamed near the threshold shear
stress condition because npples will develop, leading to some sediment transport and
replenishment of the sand scoured at the pier. Therefore, true clear-water scour conditions
cannot be achieved with sediments smaller than 0.7 mm_
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3.6.7 Angle of Repose (@/)

The angle of repose, also referred to as the angle of friction, 15 an engineening property of
granular matenials. The angle of repose 1s the maximum angle of a stable slope determined by
friction, cohesion, and the shapes of the particles. When bulk granular materials are poured
onto a honzontal surface, a conical pile will form The internal angle between the surface of
the pile and the hornizontal surface 1s known as the angle of repose (Fig. 3.9) and 1s related to
the density, surface area, and coefficient of friction of the matenial. Matenial with a low angle
of repose forms flatter piles than material with a high angle of repose.
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Fig. 3.9 Schematic diagram of Angle of repose

The angle of repose 1s the steepest angle that the surface of a mass of loose particulate
matter makes with the ground. The angle of repose is affected by the size, mass, angularity,
and dampness of the particles and by the force of downward acceleration, but 1t 1s consistent
for a given matenal Enowing the angle of repose of a material in various circumstances 1s
vital for engineers and landscapers, for example.

The way 1n which most people are fanmliar wath the angle of repose 1s sand castles. Dry
sand generally has an angle of repose of about 30°, so piled dry sand forms shallow mnverted
cones. When sand 1s dampened, the surface tension of the water binds the grains together, and
the angle of repose 1s increased to more than vertical so that walls, towers, and sea caves can
be made. However, when sand 1s too wet, the water lubricates the grains instead of sticking
them together, and the angle of repose 1s decreased to nearly zero. This should be required
knowledge for anyone who 1s thinking of buying a house built on a sandbar.

3.6.8 Flow Intensity (LU or U+/Ux)

Flow intensity 1s defined as the ratio of the approach mean velocity (L) to the cnitical mean
velocity (L) or the ratio of the shear velocity (L) to the critical shear velocity (Us:). Under
clear-water conditions, the local scour depth i uniformly graded sediment mcreases almost
linearly with increasing flow intensity until reaching a maximum known as the threshold
peak, which occurs at the threshold velocity (Melville and Chiew, 1999). The maximum scour
depth (D:m) 1s reached when the ratio UsTUs = 1. For non-uniform sediments, the maximum
scour depth is referred to as the armor peak and the live-bed peak.

33



When the flow velocity exceeds this threshold, the scour depth mitially decreases before
increasing again to a second peak termed the live-bed peak This second peak 15 observed
around the transition to a flatbed stage of sediment transport. However, the threshold peak
remains the highest scour depth 1n uniform sediment. The vaniation of local scour depth with
flow intensity. as evident from previous studies (Chabert and Engeldinger, 1956; Ettema,
1980; Raudkivi and Ettema, 1983; Chiew, 1984; etc.) and 15 shown 1 Fig. 3.10.
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Fig. 3.10 Local scour depth vanation with flow intensaty.
3.6.9 Flow Shallowness (/i./b)

Flow shallowness represents the effects of the flow depth (h) relative to the pier diameter
(b). For deep flows relative to the pier width, which corresponds to nammow piers, the scour
depth increases proportionally with the pier width and 1s unaffected by /. For instance, the
maximum scour depth at a relatively narrow circular bndge pier 1s approximately 2 4 times
the pier diameter, regardless of the flow depth. In contrast. for shallow flows relative to the
pier width, the scour depth mncreases proportionally with Aw and 1s independent of b. For
intermediate flow depths, scour depth depends on both the /i and b (Melville, 2008). These
trends are illustrated schematically in Fig. 3.11.

The depth of local scour 1s nfluenced by flow shallowness because the formation of a
surface roller (or bow wave) at the leading edge of a pier impacts the horseshoe vortex, which
15 the primary cause of scour. These two vortices rotate in opposite directions. Ideally, 1if these
vortices do not interfere with each other, the local scour depth remains unaffected by flow
depth, that 1s the scour occurs at narrow piers. As flow depth decreases, the surface roller
becomes more prominent, reducing the ability of the base vortices to entrain sediment.
Consequently, local scour depth diminishes in shallower flows. In extremely shallow flows,
the local scour depth becomes independent of flow depth. and the scour 1s considered to occur
at wide piers.
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Fig. 3.11 Local scour depth variation with flow shallowness.
3.6.10 Sediment Coarseness (b/dsq)

The pier diameter (b) relative to the median particle size (ds0) 15 known as the sediment
coarseness. For umform sediments, local scour depths are generally not affected by sediment
size unless the sediment is relatively coarse (Melville, 2008). Laboratory studies indicate that
sediment size influences local scour depth when the ratio b/dsp < 50. According to Eftema
(1980). for local scour at piers, when the sediment coarseness ratio 1s large, individual grains
are significantly larger compared to the scour hole formed by the downflow. This causes
erosion to be impeded, as the porous bed absorbs some of the downflow energy. In such cases,
the scour 1s described as occurring 1n coarse sediment. When b/dsp < 8, the individual grains
are so large compared to the pier that the erosion phase does not occur and scounng 1s
restricted to the entrainment of particles at the sides of the pier, leading to a further reduction
in overall scour depth (Chiew, 1984). The vaniation of local scour depth with sediment
coarseness 15 shown in Fig. 3.12 (from Mehnlle, 2008).
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Fig. 3.12 Local scour depth variation with sediment coarseness
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3.6.11 Contraction Ratio (B/b)

The ratio of the flume width to the pier diameter 1s known as the contraction ratio. The
equilibrium depth of local scour at a pier 15 influenced by the contraction ratio. To mumimize
blockage effects in experimental investigations under clear-water scour conditions, the flume
width should be at least eight times the diameter of the pier (Shen et al , 1969). For live-bed
scour conditions, the flume width should be at least ten times the pier diameter to prevent a
reduction in scour depth due to changes in bed features as they move through the constriction.

3.6.12 Sediment Nonuniformity (o)

Ettema (1976, 1980) conducted systematic laboratory studies to examine how sediment
nonumformuty affects local scour depth at prers under clear-water conditions. Similar research
under live-bed conditions was carried out by Chiew (1984) (as reported by Melville, 2008).
Sediment gradation 1s typically described by the geometric standard deviation of sand size, oz
= (ds4/d16)". For natural river sand, g, is approximately 1.8, whereas for uniform sand, it is
around 1.3 (Hoffmans and Verheyj, 1997). Raudkivi (1998) proposed that the sediment can
be considered umform when ¢, < 2. Ettema (1980) conducted the expeniments at the threshold
of sediment motion for the median size of the sediment used. He found that as the standard
dewviation of the particle size distribution increases, both the rate of scour hole development
and the equilibrium scour depth decrease. For non-uniform sediments (1.e., higher o, values),
ammoring occurs on the approach flow bed and at the base of the scour hole around the
threshold condition (U+/Us = 1). This armonng significantly reduces local scour depth.
However, at high values of U+/L5. where the flow can entrain most grain sizes in the non-
uniform sediment, the effect of sediment non-umformity on scour depth 15 mimmal.

3.6.13 Froude Number (Fr)

The Froude number 1s a dimensionless number comparing inertia and gravitational forces. It
15 used to quantify the resistance of an object moving through water and compare objects of
different sizes. Named after William Froude, the Froude number 1s based on the speed-to-
length ratio as defined by him.

o I L 3.1)

Jeh,
where U 1s a charactenistic velocity for rectangular cross-sections with uniform depth Ay, For
Fr < 1, the flow 1s called a subenitical flow. Further for F; = 1, the flow 1s charactenzed as a
supercritical flow and when Fr = 1, the flow 1s denoted as cntical flow.

Kassem et al. (2023) observed from the expenimental results that the maximum scour
depth around unprotected and protected piers increases with an increase in Froude number.
However, the trend of the increase in the scour depth 1s different for the two combinations as
shown in Fig. 3.13.
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Fig. 3.13 Maximum non-dimensional scour depth at the pier without the collar and with a
circular collar at different Froude numbers (Kassem et al . 2023).

3.6.14 Time (/)

The process of scounng is asymptotic. In clear-water conditions, the scour depth
asymptotically approaches the equilibrium depth. Conversely, under live-bed conditions, the
equilibnnum depth 1s reached more rapadly, but the scour depth then oscillates due to the
movement of bed features around the pier or abutment.

The shape of the flood flow hydrograph 1s crucial, as 15 the duration of the flood.
Generally, the duration of the flood mnfluences whether equilibrium live-bed scour will occur.
Once the flood peak has passed, the flow begins to recede. The duration of this recession
period 15 also significant. Dunng the recession, clear-water conditions might prevail,
potentially causing further scour, particularly if near-threshold conditions persist for an
extended period.

3.7 Dimensional Analysis

Dimensional analysis 15 a mathematical technique used to understand and analyse the
relationships between vanous physical quantities. Dimensional analysis 1s conducted to
identify the parameters that impact scour around a bridge pier. The scour depth around a
smooth circular pier protected with a collar, placed 1 a rectangular flume with a movable
sediment bed under steady and umform flow conditions, 1s denoted as D.., for any given
elapsed time (f). The scour around the pier in the presence of a circular and airfoil collar 1s
influenced by several factors.

Temporal scour depth (D.,;) around the pier with a circular collar can be represented by
a functional relationship (Eq. 3.2):

ﬁ {Dfd:b:bz‘:ze:hc:}tw:U:Uc-:B:djﬂ:pfrpfvvngr Jr:-z)=ﬂ (3'2}
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To perform the dimensional analysis, we have considered Buckingham’s w-theorem
method because when a large number of vanables are involved, Rayleigh’s method becomes
lengthy.

Here, we have considered the repeating vanables as &, U and pr where b 15 the
geometric property, [ 1s the flow property and pris the flud property. Here total number of
parameters, n =16, and the number of mdependent parameters, m = 3. Therefore, we get a
total (n-m = 16-3 = 13) of 13 numbers of 7 terms (Eqs. 3.3-3.4) as follows,

PAC TN SRR A P (3.3)

P €% R .3 ) =0 (EXY)

The 13 n-terms can be written as:

m="p" Dia, m=b"T"p%,  m=0"UPpn"g,  m=b"0p%:,

s = bﬂsbﬁpfddju, 5= bﬂﬁbﬁpf‘“‘hﬁ = Wﬁ?gfc? L;:;, Mg= bﬂaﬂﬁpfﬂﬁ,

o= b2 U/t mo= bW 0p, = BN M, = BP0

M= BABIAE, B,

The process of obtaining each m-term in dimensionless form 1s detailed after assigning
dimensions to individual parameters in each equation (Eqs. 3.5-3.29).

MNow for the first 7-term. we can write, m = 5 U o/ Dier
The variables can be expressed in terms of their fundamental dimension as,

MLT=L (LT)” (ML*) 'L (3.5)

Equating the exponents of M, L, and T on both sides of the equations we get,
al=-1.51=0,c1=0
Therefore the first m-term (Eq. 3.6) we have,

D,

e =T (3.6)

Similarly. we can write 2% w-term as. 1, = B2 U gy
The vanables can be expressed in terms of their fundamental dimension as,
MLT=1® (LT (M2?) (PT) 3.7)

Equating the exponents of M, L, and T on both sides of the equations we get,
a?=-1.582=-1,2=0
Therefore the second n-term (Eq. 3.8) we have,

v

T RrT 3.8
LTy (3.8)
Similarly, we can write the third n-term as, m3 = 5% U
The vanables can be expressed n terms of their fundamental dimension as,
ML= (LT ) (ML) (17 (3.9)
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Equating the exponents of M, L, and T on both sides of the equations we get,
a3=1,b3=-2c3=0
Therefore the third n-term (Eq. 3.10) 1s,
b
n-
Similarly, we can write the fourth n-term as, ms= b™ U ps"0;
MLUT=L (L) (M?)” (ML)

Equating the exponents of M. L, and T on both sides of the equations we get,
ad=15b4=0,c4=-1
Therefore the fourth n-term (Eq. 3.12) 1s,

i
Py

q
Similarly, we can wrte the fifth 7-term as_ 7s= B® L% g% dsp

ML T =1 (LT }"’ (L2 }” L

Equating the exponents of M, L, and T on both sides of the equations we get,
as5=-1,b5=0,e5=0
Therefore the fifth n-term (Eq. 3.14) 1s,

Similarly, we can write the sixth m-term as, ms= 5*° 00l
MLT=1" (LT*) " (ML*) "L
Equating the exponents of M. L, and T on both sides of the equations we get,
ab=-1,66=0,c6=0
Therefore the sixth n-term (Eq. 3.16) 1s,
Eﬁ = F

Similarly, we can write the seventh n-term as, 7= 57 0% " U

MU= (L) (Me?) (LT)
Equating the exponents of M. L, and T on both sides of the equations we get,
al=0b7=-1,c7=0

Therefore the seventh n-term (Eq. 3.18) 15,

o
e [
T, =—t

Similarly, we can write the eighth n-term as, me= 5008

cB

MOLTO=1# (L"f'l}mt (M*) L
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Equating the exponents of M, L, and T on both sides of the equations we get,
a8=-1,b8=0,c8=0
Therefore the eighth n-term (Eq. 3.20) 15,

Similarly, we can write the minth n-term as, mp = #*U%p,%t,
MLT=1* (LT°)” (ML*) " L

Equating the exponents of M. L. and T on both sides of the equations we get,
a?=-1.59=0,9=0
Therefore the mnth w-term (Eq. 3.22) 15,

Similarly. we can write the 10% n-term as, mo= 5™ °0?%p,°'%,
MLT=1° (L) (ML) 'L
Equating the exponents of M, L, and T on both sides of the equations we get,

A1=-1,510=0,c10=0
Therefore the 10® n-term (Eq. 3.24) 1s.

b,
Ty = &

Similarly, we can write the 11® n-term as, = 5" 0P o i,
MLT’=L" (LT?)" (ML?)" L

Equating the exponents of M, L, and T on both sides of the equations we get,

all=-1,b11=0.¢c11=0

Therefore the 11 n-term (Eq. 3.26) is.

h

&

Fr11=F

Similarly, we can write the 12 n-term as, my = b*120012p,12¢
MLT=1*2(LT?)" (ML) T

Equating the exponents of M, L, and T on both sides of the equations we get,
al2=-1_512=1_¢12=0
Therefore the 12 n-term (Eq. 3.28) 1s,

L

b
Similarly, we can write the 13 n-term as, m3 = b3 LPBp g,

MIT=1" (LT)" (M) (MLT)

Ap =
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Equating the exponents of M, L, and T on both sides of the equations we get,
al3=0,513=0,c13=0
Therefore the 13® s-term (Eq. 3.30) 1s,

M (3.30)

Hence, the function can be expressed in terms of independent dimensionless parameters as
given in Eq. 3.31.

J@[ﬂ_m,;b_g,& dy b U, B r_c,gﬁﬂ,gg}ﬂ G55

The above eguation can be rewritten as the set of dependent vanables as a function of the
independent variable given i Eq. 3.32.

D,_,[bUU’ p. b b h UBLDLU
b "\ vibg'pdy b BU BB b bE
In the case of an airfoil collar, we get an extra parameter [, (collar length), and the temporal
scour depth (Ds) around the pier 1s represented by a functional relationship (Eq. 3.33):

fi(D,,.b0.b, 1t b h UU,.Bdy,p,.p,.Vv.g.0,t)=0 (3:33)

(3.32)

(-] (-]

Hence, we have 14 numbers of m-terms and 13 of them are similar to what we get for a circular
collar. Now we can calculate the 14 n-term (Eq. 3.34) similarly and that is

- 334
- CED
Therefore, the function can be expressed in terms of independent dimensionless parameters
as given 1 Eq. 3.35.

f‘D_ﬂLEﬂd_jﬂﬂﬂgfiifih_ﬁﬁg =0 (335)
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Equation 3.35 can be rewntten as the set of dependent variables as a function of the
independent variable given m Eq. 3 36.
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In this study, we focus on the scour mechanism without and with collars positioned
within the sediment bed for our analysis. The research objectives and methodology are
determined based on a review of the literature and prionitize the most effective prer-collar
position given in the following chapter.

41



CHAPTER - 4

OBJECTIVES AND METHODOLOGY

4.1 Objectives

This study was conducted at the Fluvial Hydraulics Laboratory of the School of Water

Resources Engineening at JTadavpur University using a physical hydranlic model. The research

focuses on uniform, non-cohesive bed matenals and clear-water scour conditions. The main

goal 1s to perform expeniments to observe how maximum scour around circular piers changes
over time when using two different collar shapes. Specifically. the study aims to reduce scour
around circular piers by using etther circular or airfoil collars. The primary obyjectives are:

o To observe the development of scour depth over time around circular piers with collars
and compare it to the scour depth around 1solated piers without collars. One expeniment
was conducted without a collar, along with five experiments using circular piers with
circular collars, and another five using airfoil collars. These experiments were performed
with a fixed pier diameter of 7 cm. a constant inflow depth of 11.5 cm, and a constant
discharge of 255 U/s while varying the width of the circular collar and both the width and
length of the airfoul collar.

o To observe the scour morphology in each experiment and compare it to the scour
morphology in the 1solated pier experiment without a collar.

o To observe the sediment transport and different scour dimensions for each expeniment with
collar and compare those with that for an unprotected pier.

o To find a robust machine leaming model to well represent the time senies data which can
easily be used to accurately estimate the temporal vanation of scour for such an
arrangement.

o To compare the effectiveness and applicability of the present machine leaming model over
the empirical equation developed in the previous literature.

o To propose an empincal equation to calculate the temporal scour depth around a circular
pier fitted with a circular collar using the non-linear regression method and compare 1t with
the equations proposed in the previous literatures.

4.2 Methodology

4.2.1 Methods for Flow Conditions

The critical condition for bed material movement was checked before each experiment using
the following steps:
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o The flow depth in the flume was adjusted by a tailgate. The approaching flow depth (Aw)
was maintained at 0.115 m for all the tests by operating the tailgate. The bed slope (Sz)
was kept constant at 1:2400 for all the experiments.

o The water discharge was measured by a flow meter connected to the upstream pipe at the
inlet of the flume and that discharge was kept constant at 255 1/s.

o The depth-averaged approachung flow velocity (L)) was estimated using Manning’'s
equation (Eq. 4.1),

U=—R3S,? (4.1)
Here, the coefficient of roughness (1) was determined by using Stnickler’s formula (Eq. 4.2).

=8 42
R 24 50 (4.2)

o Considering steady uniform flow in a rectangular flume, the bed shear stress (1) can be
expressed as o = prgRsina, where gris the mass density of the flud, g 1s the gravitational
acceleration, R 1s the hydraulic radius, and & 1s the angle between the longitudinal sloping
bed and horizontal direction.

o The critical bed shear stress (7o) was determined using the expression Tee = @:Ap@dso,
where A = 5-1, ©; 1s the critical Shields parameter and 1s calculated using the following
van Rin’s empincal equations (Eq. 4.3) for the Shields curve (van Ryn, 1984):

[ 0.24/D, D. <4

0.14/DM*  4<D, <10

©, =10.04/DM® 10<D, <20 (43)

0.013D*° 20<D, <150
0.055 150 < D,

where D. is the dimensionless particle parameter, expressed as D. = dsp(Agh*)'?. The
value of D+ was estimated as 18.24 in this study. The critical bed shear stress (1o) was
calculated as 0.3457 N/m’”.

o The critical velocity (U7) was calculated from Eq. 4.3.

% =5.?510g[$}+5 (4.3)

30

b

where, Us is the critical shear velocity, expressed as Us. = (7o/g)"~. Finally, the critical
discharge (Qc) was determuned using the continuity equation. The cnitical shear flow
Reynolds mumber, R+ (= UsR/v) was determuned at 20°C temperature of water.

o Figure 4.1 shows the expermental results of Shields which relate cntical Shields
parameters ©; and R+« and 15 known as the Shields diagram (1936). The threshold of
sediment motion occurs when & = O of, Toc = Toc or, U= = Us.. From Fig. 4.1, 1t 1s clear
that the discharge during each test run was lower than the minimum discharge required for
the mcipient motion or threshold conditions of the bed particles. Therefore, 1t can be said
that all the experiments were carnied out under clear water scour conditions.
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Fig. 4.1 Shields diagram showing the clear water condition for the present study.

o The flow mntensity (L70:) was maintained at 0.87 to satisfy clear-water scour conditions.
It was determined from the measured vertical profile of the approaching flow velocity 2 m
upstream of the pier, that the presence of the pier did not affect the approaching flow. To
satisfy clear water scour conditions, average bed shear stress (o) must be less than or
equal to crifical bed shear stress (oc).

4.2.2 Methods for selection of pier dimension

The selection cntenia for this study were based on a review of previous research. One
important consideration was ensuring a neghigible side wall effect. which occurs when the
constriction ratio (B/B) = 10, according to Chiew and Melville (1987). In this study, we chose
a pier diameter (£) of 7 cm because the flume width (B) 1s 0.81 meters. meeting the required
criteria. Table 4.1 provides details on the constriction ratios (B/5) used in previous studies, as
well as the conditions applied in our current research.

Table 4.1 Specification of pier and flume dimensions in the literature studies.

Literature Selected pier diameter Flume width (B) B/b

() (cm) (1m)
Tanaka and Yano (1967) 3 = =
Ettema (1980) 45 046 1022
Darghi (1990) 15
Chiew (1992) 32 03 938
Kumar et al. (1999) 61,1125 1 16.3%9 889
Singh et al_ (2001) 25,62 £ =
Mashahir et al. (2004) 4 0.75 1875
Garg et al. (2005) 62 0.6 9.68




Zarrati et al. (2006)

Alabi (2006)

Mashahir et al. (2009)
Moncada-M et al. (2009)
Zarrati et al. (2010)
Izadinia et al. (2012)
Tafarojnomz et al. (2012)
Jahangirzadeh et al. (2014)
Khodashenas et al. (2018)
Tabarestani et al. (2019)
Wang et al. (2019)
Pandey et al. (2020)

Pandey et al. (2022)
Kassem et al. (2023)

Gupta et al. (2023a)
Gupta et al. (20235)
Gupta et al_ (2024)
Present Study

0.75
1.22
0.74
0.5
0.41
04

0.485

0.3
0.3
0.75

0.77
0.8
0.8
0.8
0.81

18.75
10.61,16.71
185

6.85

1025

10

1213

10

12

10.71

20
1515,119
1515,119
12.83
1333

16, 13.33
1333
11.57

4.2.3 Methods for selection of collar dimensions

The critenia for choosing the collar diameter (5;) m this study were based on a review of
previous research. Varnous research groups have used different collar diameters relative to the
pier diameter (&), as shown 1 Table 4.2 for circular collars and Table 4.3 for airfoil collars.
Based on this review, we selected collar diameters (b¢) for both circular and airfoil piers, and
the length of the collar (/). to align with those used in previous studies. This ensures that our
study employs effective and proven ranges. allowing for companson and consistency with
established methods. Additionally, the collar elevation was kept at the bed level, as previous
research demonstrated that this positioming achieved around 90% efficiency m reducing scour
compared to cases without collars.

Table 4.2 The collar (circular) diameter adopted by different research groups

Literature Pier Collar diameter Collar Collar
diameter (&) elevation thickness
(b) (cm) (frelfrw) (f:) (mm)
Chiew (1992) 32 25, 35 - 1
Kumar et al. (1999) 113 1.5b,2b.25b,3b, 0 3
6.1 4b
2.5b
Singh et al. (2001) 2562 1.5b, 2B, 2.50b == 2%
Mashahir et al. (2004) 4 35 0 =
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Garg et al. (2005) 6.2 1.5b. 2b_ 3b 0.19-0.19 —

Alabi (2006) 115 3b 0 5
115,73 2b_3b

Zarrati et al. (2006) 4 3b 0 2

Mashahir et al. (2009) 4 3b 0 2

Moncada-Metal (2009) 73 2b_3b 1.6,-3.0, 2
3,6,9

Zarrati et al. (2010) 4 2b.3b 0 .

Izadinia et al. (2012) 4 3b 0 =

Tafaromoruz et al. 4 3b 0 5

(2012)

Jahangirzadeh et al. 3 2b,2.5b,3b,3.5b -0.125, 0, 0.8

(2014) 0.125

Tabarestani etal. (2019) 7 3b 0 2

Khodashenas et al. 7 1.5b, 25k, 2.5b -0.1,0,01 1

(2018)

Wang et al. (2019) 10 15b,2b,2.55,3b  -0.04,0, 5
0.04, 0.1

Pandey et al. (2020) 6.6, 8.4 1.5b,2b, 2 3b 0,025, 05, 3
0.75

Pandey et al. (2022) 66.84  15b. 2b 23b 0,0.25, 0.5, _
0.75

Kassem et al. (2023) ] 3b 0 -

Gupta et al. (2024) 6 15b,2b,2.55,3b  0,0.25,05, =
0.75

Present Study 7 1.5b,2b,2.5b0,36, 0 7

3.5b

2h. given in cm since corresponding flow depths (h,.) were not provided in the literature

Table 4.3 The collar (airfoil) diameter and the length adopted by different research groups

Literature Pier Collar diameter Collar Collar Collar
diameter (b:) length elevation thickness
(b) (cm) () (hellw) (fc) (mm)
Guptaetal (2023a) 6 1.5b, 2b, 2.5b, 3b 2b. 0,025, 4
05075
Guptaetal (20235) 5.6 1.58, 25, 2.5b, 3b 25 0,025, 4
05 075
Present Study 7 1.5h, 2b, 2.5b, 30, 2. O 7
3.5b




4.2.4 Instruments Used for Measurements

Dhfferent mstruments have been used to measure expenmental data. To control the discharge
nto the flume, measunng the temporal scour depth around the pier, measuring the scour bed
profile after the expenimental run, to taking pictures of experiments, specific instruments were
used and these measuning methods are discussed in the following sections.

Acoustic Doppler Velocimeter

The Vectrino, a high-resolution acoustic Velocimeter, 1s utilized for assessing turbulence and
3D water velocity across various settings, spanmng from laboratory expeniments to river and
oceanic studies. Its fundamental measurement principle relies on coherent Doppler
processing, ensunng accurate data output without ssagmificant zero offsets. In our investigation,
we utilize an Acoustic Doppler Velocimeter to monitor the temporal evolution of scour depth,
depicted in Fig. 4.2. The specific model employed 1s the VECTRINO PROFILER FIXED
PRORBE 10 MHz (Model Number: 4198-1-131), with the probe identified as VON 9619 and
the hardware designated as VINO 1617 Uw housing.

Fig. 4.2 (a) The components 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 senal converter; (§) Seeding matenal (bottle of 250 ml); (7) AC/DC voltage
transformer, 24 V DC; (8) International kit with AC plugs; (9) USB memory stick with
Vectnino software, and (b) measurement using ADV dunng experimentation.

Laser Distance Meter

Laser distance meters are utilized to accurately measure the distance between objects without
physical contact, employing laser technology for this purpose. The gnd poimnts were measured
using a Laser Distance Meter, specifically the DISTOTM D110 model, as shown in Fig 4 3.
It 1s 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.
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Fig. 4.3 Laser Distance Meter.
Flow Meter

A Flow Meter 1s an essential device for monitoring and measuring the fluid flow, pressure, or
discharge 1n both hiqud and gas systems. It plays a cntical role i numerous industries,
facilitating accurate management and control of fluid dynamics. In the present study, we used
a flow meter to measure the flow discharge (), as shown i Fig. 4 4. Specifically, we used
the DASMESH analog flow meter, ensuring the acquisition of precise and reliable data for
our analysis.

Fig. 4.4 Flow Meter.

4.2.5 Method for Predictive Modelling of Scour Depth: CART

Classification and Regression Trees (CART) is a variation of the decision tree algorithm that
can handle both classification and regression tasks. MINITAB employs the Classification and
Regression Tree (CART) algonithm for tramning models, which can be accessed wia Star =
Predictive Analytics = CARTE Regression. Initially introduced by Breiman et al. (1984),
CART 1s a supervised learning algorithm that uses labeled data to make predictions on new,
unseen data.



For regression tasks, CART constructs a tree-like model to predict continuous target
vaniables. This model consists of nodes representing decision points and branches depicting
the possible outcomes of these decisions. Each leaf node in the tree holds the predicted value
for the target vanable.

The regression CART algonthm operates by recursively splitting the training data into
smaller subsets based on specific critenia, amming to mimmize the residual sum of squares
within each subset. This recursive partitioming continues until the data is appropriately
segmented to accurately predict the target vanable.

Residual Reduction: Residual reduction measures how much the average squared
difference between predicted and actual target values decreases after a split. A lower residual
reduction indicates a better fit of the model to the data.

Splitting Criteria;: CART evaluates all possible splits at each node and chooses the one
that most reduces the residual error. This process repeats until a stopping criterion 1s met, such
as a maximum free depth or a minimum number of mstances 1n a leaf node.

CART has several advantages: 1t produces simple and easy-to-understand results, and
as a nonparametric and nonlinear method, 1t handles diverse data types effectively. It
implicitly performs feature selection and 1s robust to outliers. Additionally, CART requires
minimal supervision. However, CART also has limitations: 1t 1s prone to overfitting, has high
vanance and low bias, and the resulting tree structure can be unstable.

CART 1s often preferred over traditional regression models because of its ability to
handle complex, nonlinear relationships and interactions without requinng explicat
specification. It is robust to outliers and can automatically select important variables. It offers
a more mtuitive, interpretable model through its decision tree structure. Unlike traditional
regression, which may require complete datasets and transformation of categorical vaniables,
CART can manage missing data effectively and handle both continmous and categorical
vanables easily. Such features make CART a flexible and powerful option, particularly for
datasets with complexities that traditional regression models find challenging to handle
effectively (Breiman et al., 1984; Loh, 2011).

4.2.6 Statistical Indices for Model Evaluation
Coefficient of Determination (R?)

It 15 a statistical measure indicating how well independent variables explain the variation in
the dependent variable in a machine leaming/regression model. The range of R? lies from 0
to 1, where 1 signifies a perfect fit (ideal value) given in Eq. 4.1.

It quantifies how much of the vanance in one variable 1s explained by another. As an
example, R* = 0.50 means 50% of the variation in the dependent variable is explained by the
model's inputs. Higher R?, suggests a better fit. important for evaluating predictive models mn
finance, economics, and social sciences. High R? does not imply causation; other statistical
measures should be used to assess model performance and reliability.
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where, (D./b), and (D../b), are observed and computed temporal scour depths.

(4.1)

Root Mean Squared Error (RMSE)

The RMSE 15 a widely used metric for measuning the accuracy of a regression model. Tt
represents the square root of the average squared differences between the predicted values
and the observed values, as shown in Eq. 4.2.

BMSE 1s always non-negative, with lower values indicating a better fit of the model to
the data. An RMSE wvalue of 0 signifies a perfect fit (ideal value), meaning the model's
predictions exactly maich the actual observations and the worst value 1s «o. RMSE 1s
particularly useful for understanding the magnitude of prediction errors and is commonly used
in fields such as finance, economics, and environmental modeling to evaluate model
performance. While RMSE provides insight into the overall accuracy of a model, 1t 1s
important to consider other metrics to fully assess the model's reliability and predictive power.

s CORCR)

Mean Absolute Deviation (MAD)

Mean absolute deviation (MAD) 15 a measure of the average absolute distance between each
data point and the of a data set. as given in Eq. 4. 3. Stmalar to standard deviation, MAD
15 a parameter or statistic that measures the spread, or variation, i the data. Larger MAD
values indicate that data points are more spread out from the average, while smaller values
mean that the data points are closer together. Lower MAD wvalues indicate that the data points
are close to the average and have low vanability, which could suggest reliabality, stabality, or
homogeneity. Conversely, high MAT values mean that the data points are more spread out
from the mean and have high vanability, which could suggest noise, instability, or
heterogeneity. MAD 1s always non-negative, with lower values indicating a better fit of the
model to the data.

The defimtion of the Mean Absolute Deviation (MAD) seems sumlar to that of the
standard deviation (SD), as both measure vanability. However, they are calculated differently.
Recently, some advocates have argued that MAD should replace SD as the pnimary measure
of vanability because it 1s simpler to understand and may better reflect real-world scenarios.

50



(43)

wav- 5 %) (B¢

Mean Absolute Error (MAE)

Mean Absolute Error (MAE) quantifies the average magnitude of errors in a set of predictions
without considening their direction. It 15 the average absolute difference between predicted
and actual values as given in Eq. 4 4. Unlike RMSE, MAE does not square the errors, so it
does not penalize larger errors as severely. In a range of [0, o), the smaller the value of MAE
the better. A MAE value of 0 represents the perfect fit of a model.

(5. A%,

MAE is less sensitive to outliers compared to RMSE. While RMSE squares the errors
before averaging, giving more weight to large deviations, MAE treats all errors equally by
using their absolute values. This makes MAE a more reliable metric 1n datasets with outliers
or high vanability. However, if the test set contains many outliers, the model performance
will be mediocre. MAE 1s also easier to mterpret since it 1s expressed in the same units as the
data. For mstance, if the MAE for predicting a product's price 1s 5, 1t means that, on average,
predictions are off by 5 umits of cumency. This straightforward interpretation helps in
understanding the performance of the model more infuitively.

1 N
MAE-—Y

> (“4)
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CHAPTER -5

EXPERIMENTAL PROCEDURE

5.1 Experimental Setup

The expennmental arrangement, data acquisition system, and vanables measured 1n the model
study are described. Typical investigation of scour depth development around a bridge pier
model has been cammed out through various expenments. The expenimental setup of the
present study and conditions of the work given in Table 5.1 are described 1n detail 1n this
chapter. All the expenments were conducted in the Fluwvial Hydraulics laboratory of the
School Water Resources Engineenng department at Jadavpur University i Kolkata, West
Bengal, India. Table 52 provides a detailed summary of the experimental setups and
conditions adopted 1n previous literature. This table lughlights the parameters used i prior
research, offering a comprehensive overview of how experiments were conducted across
different investigations.

Table 5.1 Details of the experiments conducted with a pier of diameter, b = 7 cm keeping
the collar on the bed (h: = 0)

Exp. Fier/ b, L B ftw dso o U U oy by Fr
No. ©Collar (em) (em) (m) (em) (mm) (I's) (em's)
Shape
1 ?Mm - - 081 115 0724 255 2738 (087 194 263 0258
105 - 081 115 0724 255 2738 087 194 263 0258
Circolar 140 - 081 115 0724 255 2738 (87 194 263 0258
/ 175 - 081 115 0724 255 2738 087 194 263 0258
Circular 210 - 081 115 0724 255 12738 (B7 194 263 0258
245 - 081 115 0724 255 2738 087 194 263 0258

105 21 081 115 0724 255 2738 087 194 263 0258
Circular 140 28 081 115 0724 255 2738 087 194 263 0258
/ 175 35 0.81 115 0724 255 2738 087 194 263 0258
Awfoil 210 42 081 115 0724 255 2738 (RB7 194 263 0258
245 49 081 115 0724 255 2738 087 194 263 0258

-
R - T I R TR

52



Table 5.2 Experimental setup adopted by different research groups

Literature (L= W=IN) (L e 22 Dhe) B dso hw Q e og 5 tm
(m%) (m%) (m) (mm) (cm) (m?/s) or U+T (hrs)
Chiew (1992) B=03=045 . = 033 18 g 09 = 263 12
Eumar et al. (1999) 30=1=0.60 2x1=0.90 11 078 118,154 . g 0.73-098 = i =
Singh et al. (2001) . . = 0.285 . i i 251 i 5
Mashahir et al. (2004) 10=0.73=035F — = 093 13-14 0.03-0.04 naz =132 i 44 90
Garg et al (2003) 12=0.6%0.73 —x(.6=03 = 028 15.63-16.8 0.019 4 251 i 5
Larati et al. (2006) 12=0.75=0.8 2=0.75=025 6.5 093 195 0.03 09 s i a0
Alabi (20086) 20=1 22=0.61 12.43=1 22=0.16 364 0.53 14.6-23 0.044-007 0.7-0.89 1.23 263 49935
Moncada-M et al. (2009) B.5=05=035 i - 14 11.84-1974 0.0145-0.0384 - £ - i}
Mashahir et al. (2009) 10=0 74=— —x() T5=— i} 0935 12 0.028 na2 <132 - 44 90
Zarmati et al. (20100 6.5=041=— 1.2=041=02 3 0,72 4 0.024 - 1.13 263 36,70
Izadinia et al. (2012) Ex0.4=06 1.6=04=0.15 4 0.72 16 00192 09 1.12 = 12, 50
Tafarojnoruz etal (2012)  9.66=0485=—  1.5=0485=0205 6.05 0.76 10 0.0127 0a2 1.46 267 T2-120
Jahangirzadeh et al. (2014) 12=03=0.45 —x(3=0.15 = 08 12 0012 095 1.37 263 72
Ehodashenas et al. (2018)  10=03=0.3 1.5=03=0.16 5 08 105 001 09 = F2. 15
Tabarestam et al. (2019) 14=0.75=0.6 - g 067 = = 099 12 263 =
Wang et al (2019) 60=2=18 T.5=2=035 - 0.324 50 035 1.15 B 263 2
Pandey et al. {2020 2M4x=1=03 4x1=0.23 12 027 12 0.018-0.0264 0.64-0.9 1.22 - 20
Pandey et al. {2022} MW=l=— Ex1=038 7 027,04 12 0.0264 062088 12312 - 24
Easzsem et al. (2023) 12=0.77=0.6 4=0.T7=02 i} 08 85 0.02 093 1.44 263 4
Gupta et al. (2023a) 15.3=0.8=04 23=0.8=04 7 0.32 10 0.02 095 1.31 - g
Gupta et al. (2023b) 10.3=0.8=0.5 2.3=08=035 4 0.32 10 0.016, 0.020 0.98 1.31 263 g-10
Gupta et al. (2024) 10.3=0.8=035 23=0.8=035 4 032 12 0.024 093 131 263 10
Present Study 11=0.81=0.6 3«0.81=0.2 19 0.724 11.5 0.026 0.87 1.94 .63 397

Note: (-) indicates the missing value or not grven in the manuseript; # - mdicates the distance of the working section from the flume mlet gate. (L=F*=L)) indicates length,
width, and depth of flume, (L, F,»D,) mdicates length. width and depth of working section, d5; 1s median size of sediment, h,, is approaching flow depth, {0 is the discharge
of flow, LV 1s flow mtensity, o 1s geometnic standard deviation, 5 1s the relative density of sand, fy is experimental run time.
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5.1.1 Tilting Flume

All the experiments were carmed out in a recirculating tilting flume (Fig. 5.1) with a length of
11 m, a width of 0.81 m, and a depth of 0.60 m. The working section of the flume was filled
with sand of a uniform thickness of 0.20 m. The length of the sand bed was 7 m and the width
was 0.81 m_ The sand bed was located 2.9 m upstream from the flume inlet to make the fully
developed flow. The working section of the flume was made up of a steel bottom and Plexiglas
side walls along two sides for most of 1ts length to facilitate visual observations. A movable
trolley equipped with a vernier point gauge was positioned on the flume_ A vertical scale was
fixed to the point gauge to measure the water level, imitial bed level, and scour depth. The
recirculating flow system was served by a centnifugal pump located at the upstream end of
the tilting flume. The experimental setup 1s described with the help of the schematic diagram
as shownin Fig. 5.2.

Fig. 5.2 Schematic diagram of tilting flume with pier-collar arrangement: 1. Reservoir, 2.
Check valve or foot valve, 3. Pump, 4. Control valve, 5. Flow meter, 6. Baffle plate, 7. Inlet
gate, 8. Point gauge. 9. Laser distance sensor, 10. Movable trolley, 11. Qutlet gate, 12. Water
level, 13. Collector, 14. Pier. 15. Flow direction, 16. Collar fixed on bed level, 17. Sand bed.
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5.1.2 Pump

The hydraulic machines which convert mechanical energy mto hydraulic energy are called
pumps. The hydraulic energy i1s in the form of pressure energy. In the present study, the
recirculating flow system was served with a 10hp vaniable-speed centnifugal pump (Fig. 5.3)
located at the upstream end of the tilting flume. The pump operated at a rotational speed of
1.430 RPM. had a power capacity of 7.5 kW, and a maximum discharge rate of 255 L/s.
Water discharge was measured using a flow meter connected to the upsiream pipe at the
flume's inlet. Water flowed directly into the flume through a 0.2-meter diameter pipeline.
There were two pumps for altemative use.

Fig. 5.3 Pump used to recirculate the flow.

5.1.3 Circular pier

In the present study, we have used a circular pier constructed using Perspex sheets. One
circular pier of diameter of 7 cm (Fig. 5.4) has been used for all the expeniments.

Fig. 5.4 Circular Pier of 7 cm diameter.
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The height of the pier was 45.6 cm. We have chosen this dimension based on previous
studies. According to Chiew and Melville (1987), the pier diameter should not exceed 10%
of the internal width of the channel This guideline was kept 1n mind during the experiments
to avoid the wall friction factor and prevent the flume sidewalls from influencing the scour
pattern around the piers.

5.1.4 Circular and Airfoil Collars

In this study, circular and airfoil collars of different sizes made from Perspex sheets (Fig. 5.5b
and Fig_ 5.6b) were used for the experiments. Circular and airfoil collars of 10.5, 14, 17.5, 21,
and 24 5 cm diameters were used, and the lengths of the airfoil collars were 21 28, 35, 42,
and 49 cm, respectively.

The dimensions and specifications of the collars are provided 1n Tables 4.3 and 44 1n
the previous section. The schematic diagram of the pier and collar showing each component
1s given 1 Fig. 5.5(a) and Fig. 5.6(a).

-~

Pier diameter (b)

Collar diameter (b.)

Fig. 5.5 (a) Plan view showing the schematic diagram of a circular prer with a circular
collar and (b) Physical models of circular collars of different sizes made by the perspex
sheet.
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Pier diameter (b)

Collar diameter (bc)

- A
10.5 cm 14 cm

Fig. 5.6 (a) Plan view showing the schematic diagram of a circular pier with an airfoil collar
and (b) Physical models of airfoil collars of different sizes made by the perspex sheet.

5.1.5 Pier—collar arrangement

In this study, circular piers were fitted with both circular and airfoil collars to test how well
they reduce clear-water scour i coarse sand. The collars were made from perspex sheets. The
dimensions and details of the collars are listed i Tables 4.2 and 4.3 and also shown in Fig.
5.5b and Fig. 5.6b. The diagram showing the pier and collar arrangement 1s represented in
Fig. 5.7. The expenments were conducted i umform, clear-water scour conditions over a
coarse sand bed to see how effectively each collar shape reduces scour around the piers.
Different widths and shapes of collars were used to compare their performance and find the

best design for mimmizing scour.
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Fig. 5.7 Schematic diagram showing the elevation view of Pier-Collar arrangement.
5.1.6 Sand Bed

A senies of tests were conducted to charactenze the sand bed material present in the flume
used for the present study in the laboratory. The soil tests cammed out included a wvibrating
sieve analysis and specific gravity measurement. The results of the tests showed that the bed
material consists of cohesionless sand with a relative density (S) of 2.63. From the sieve
analysis test, the median diameter of sand (ds0) was determined as 0.724 mm, d15 as 0.5 mm,
dz4 as 1.62 mm_ and dop as 1.78 mm_ Based on the gathered data from the sieve analysis. a
plot was generated to visualize the particle size distribution as given in Fig. 5.8. The geometric
standard deviation of sediment size (oz) was calculated to be 1.94. According to Raudkiv
(1998). the sand can be considered uniform when o, < 2. which mmplies that the sand used in
the present study 1s of uniform size distnbution.

100 ]
% Finer

80 -
60 -

~&-1S sieve aperture
40 | dimensions
20 -

Sieve size
0.01 0.1 1 10 100

Fig. 5.8 Grading curve for the present study to determine the dso.
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The pier diameter was also carefully chosen so that sediment size had a neghgible effect
on the scour depth. When &/dso = 50, the impact of sediment size on the depth of the scour
hole becomes negligible (Chiew and Melville, 1987). For the present study. b/dso = 96.69,
which more than satisfies the cnitenion of Chiew and Melwille (1987).

After placing the piers in the proper position with proper alignment a flat sand bed was
prepared (Fig. 5.9). A very good expenment requires a properly prepared flat sand bed, which
1s essential for attamning more accurate experimental results. A 3 m long and 0.81 m wide flat
sand bed was prepared and the level of the sand bed was checked with spirit level. The sand

bed preparation was done for every new setup of piers arangement.

Fig. 5.9 Leveled sand bed (a) circular collar and pier arrangement, and (b) airfoil collar and
pier amrangement.

5.2 Experimental Procedure

In the present study, an mvestigation of scour depth around a circular pier with and without

collar has been carned out. The experimental setup and conditions for the study are described

in detail previously i Table 5.1. Now, the expenimental procedure for each test 15 narrated
below.

o The experiments were carried out in a recirculating flume. The flume bed was filled with
sand to a uniform thickness of 0.20 m_ a length of the sand bed of 3 m_ and a width of 0.81
m. The sand bed was located 2.9 m upstream from the flume inlet. The recirculating flow
system was served by a centnfugal pump which was located at the upstream end of the
tilting flume. The water discharge was measured by a flow meter connected to the upstream
pipe at the inlet of the flume and it was kept constant at 255 I/'s. Water flowed through a
0.2 m diameter pipe line which runs directly into the flume.

o The average bed shear stress was 0.26 Pa and the angle of repose of bed sand and cnitical
bed shear stress were estumated at 360 and 0.35 Pa respectively. The flow depth in the
flume was adjusted by operating a tailgate and was kept constant at 11.5 cm. The depth-
averaged approaching flow velocity was found from the measured vertical profile of the
approaching flow velocity at 2 m upstream of the pier where the presence of the pier did
not affect the approaching flow. Froude number (Fr) flow Reynolds number (Re) and pier
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Reynolds number (Rep = Ub/Y) for all the experiments were calculated as 0.258, 2.4x10%,
and 1.9x10" respectively.

The pier was first mstalled in the flume at the desired location. Before each test, care 1s
taken to level the sand bed throughout the entire length of the flume. First of all, we have
to produce a sand bed having a smooth, uniform surface. For this purpose, we used a spirnt
level to check the umiformity of the bed surface. The uneven bed surface 1s leveled using
a hand trowel. After that, we measured the bed level by point gauge randomly to check the
leveling of the flume. The sand bed preparation 1s the very key as far as the experiment 15
concerned. Unevenness or defect 1 the channel bed can compromise the accuracy of the
experimental results.

Dunng each expeniment, 1t was kept 1 mind that the width of the experimental flume 1s
more than seven fimes the pier width (&) to avoid the effect due to the wall friction. The
mimmum value of the ratio between flume width and pier width 1s 625, proposed by
Raudkivi and Ettema (1983) that could be used without a measurable effect from the side
walls on the local scour at the pier.

To start the test, the flume was slowly filled with water to the required depth from
downstream_ It should be noted that extra care 1s required when filling the flume with
water, especially for tests of this nature where no sediment movement was allowed. Any
deformity in the bed surface may develop nipples or dunes and general movement of the
sand if the shear stress on the smooth bed is close to the critical shear stress. The pump
was then turned on and the desired flow rate was achieved by controlling the control valve
and a bypass valve.

Concurrent with getting the pump up to speed, the tailgate was adjusted to maintain the
correct depth of flow (=11.5 cm) in the flume The experiments were continued until the
maximum scour depth was achieved. After that, the pump was stopped to allow the flume
to slowly drain without disturbing the scour topography. The flume bed was then allowed
to dry, duning which time photos of the scour topography around the pier were taken. After
the bed was dned, the scour morphology was measured using the laser distance meter.



CHAPTER -6

RESULTS AND DISCUSSION

6.1 Results

In this chapter, the results obtained from all of the expennments conducted are presented. along
with analyses and discussions of those results. This study consists of a total of 11 experiments
with and without collars around the pier. For each test, the general observations have been
summarized. This section examined the impact of two collar shapes. namely a circular collar
and an airfoil collar on the temporal development of scour, the reduction of scour depths and
the geometry of the scour hole under vanous clear water scour conditions.

In these expeniments, a circular pier of 7 cm was used. The tests were conducted under
a flow mtensity (L7L%) of 0.87 (<1). It represents that a clear-water scour condition was
maintamned throughout all the experiments. In this study, the value of h,/b was set at 1.64 to
get controlled flow in the flume. The sand having a median grain size (dso0) of 0.724 mm and
a relative density (S) of 2.63 was used n this study. All the expeniments were conducted with
constant discharge () of 25.5 I/s and constant flow depth (/) of 11.5 cm, where the mean
approach velocity (L) of water was kept at 0.2738 m/s.

In the present study, five different circular collars of diameters (b;) 10.5, 14, 17.5, 21,
and 24.5 cm and five different airfoil collars of diameters 10.5, 14, 175, 21, and 24.5 cm
having their lengths of 21, 28_ 35, 42, and 49 cm, respectively were used. For the expeniments,
all collars were placed at sediment bed level around the pier From previous studies, we see
that the most important location 1s the upstream face of the pier as the maximum scour depth
occurs at that location for an unprotected pier and causes a collapse. But in the present study,
temporal scour depth was measured at four different measunng pomts {0°, 90°, 135° and
180°). The locations other than the upstream face were taken into account because applying
collars may alter the flow pattern and scounng can occur at different locations. The
expertmental findings are discussed 1n detail n the following sections.

6.2 Experiments Conducted

6.2.1 Experiment Number 1 (Unprotected Circular Pier: 7 cm Diameter)

The first experiment was conducted to study the scour pattern around a single pier without
any collar. This experiment was continued for 540 minutes to achieve the equilibrium scour
depth. The quasi-equilibrium scour condition 1s accepted to be attained when the increase in
the scour depth 15 below a limiting value. We measured the temporal scour depth at four
different points 1., 0%, 90°, 135° and 180°. The time variation of scour depth 1s shown 1n the
next section. After 540 minutes the maximum scour depth (Dsw) measured at the four different
locations were 3.67, 2.58, 1.49, and 0.399 cm at 0°, 90°_ 135° and 180° respectively. From
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this experimental data, we find that the maximum scour depth for an unprotected single pier
occurred at the upstream face of the pier The sediment bed profile before and after the
experiment is presented in Fig. 6.1.

Pier

180° A Mo

(d)

Fig. 6.1 Photographs showing the sand bed (a) before the experimental run (without collar),
{(b) after the experimental run (front view), and (c) after the expennmental run (top view); (d)
Location of measuring points of temporal scour depth around the unprotected pier.

6.2.2 Experiment Numher 2 (Circular Pier with 1.5 Circular Collar)

In the second expenment, we fixed a circular collar of diameter (&) 10.5 cm around the pier.
The collar was imnmserted into the bed and the upper surface of the collar was kept at the
sedmment bed level. This expeniment was carmed out for 180 minutes. Here also we measured
the temporal scour depth at four different points 1.e_, at the upstream of the pier (07), side of
the pier (907), at an angle downstream of the pier (135%), and immediately downstream face
of the per (180°). The schematic diagram of the location of the measuring points is given in
Fig. 6.2f The time variation of scour depth 1s shown in the next section. The maximum scour
depth (Dscm) measured at the four different locations were 1.8, 2.76, 1.6, and -0.33 cm at 0°,
90°, 135° and 180° respectively. The minus sign indicates a deposition at that point. The
sediment bed profile before and after the expeniment 1s presented in Fig. 6.2.
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b:=105em

Collar

Fig. 6.2 Sand bed (for 1.55 circular collar) (a) before the experimental run; (b) after the
expenimental run; (c) after the expenmental run (front view); (d) after removing collar; (e)
after removing collar (front view); (f) Location of measuring points for temporal scour
depths with a circular collar.

6.2.3 Experiment Number 3 (Circular Pier with 25 Circular Collar)

In the third expennment, we fitted a circular collar of diameter (b.) 14 cm around the pier. The
collar was inserted mio the bed and the upper surface of the collar was kept at the sediment
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bed level This expeniment was carmmed out for 400 munutes. Here also we measured the
temporal scour depth at four different points 12 0°, 90°, 135° and 180°. The time vanation
of scour depth 1s shown in the next section. The schematic diagram of the location of the
measuring pomts 1s given in Fig. 6.2. The maximum scour depth (D:cn) measured at the four
different locations were 1.43, 2.73, 2.25_and 1.75 em at 0°, 90°, 135% and 180° respectively.
The sediment bed profile before and after the expennment 1s presented 1n Fig. 6.3.

Fig. 6.3 Sand bed (for 25 circular collar) (a) before expenimental run; (b) after expennmental
run after removing collar (front view); (c) after experimental run before removing collar.

6.2.4 Experiment Number 4 (Circular Pier with 2.5 Circular Collar)

In the fourth experiment, we fitted a circular collar of diameter (5:) 17.5 cm around the pier.

The collar was inserted into the bed and the upper surface of the collar was kept at the

sediment bed level. This expeniment was carmed out for 580 minutes. Here also we measured
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the temporal scour depth at four different points 1.e., 0°, 90°, 135° and 180°. The time vanation
of scour depth 1s shown in the next section. The schematic diagram of the location of the
measuring points 1s given in Fig. 6.2. The maximum scour depth (Dscm) measured at the four
different locations were 1.725, 1.85, 2 28, and 0.9 cm at 0°, 90°, 135° and 180° respectively.
The sediment bed profiles before the experiment and scoured bed after the experiment are
presented in Fig. 6.4.

Fig. 6.4 Sand bed (for 2.5 circular collar) (a) before experimental run; (b) after
expertmental run after removing collar (front view); (c) after expennmental run (top view)

6.2.5 Experiment Number 5 (Circular Pier with 35 Circular Collar)

In the fifth experiment, we fitted a circular collar of diameter (b¢) 21 cm around the pier. The
collar was inserted into the bed and the upper surface of the collar was kept at the sediment
bed level. This experiment was carried out for 360 minutes. Here also we measured the
temporal scour depth at four different points 1.e., 0%, 90°, 135° and 180°. The time vanation
of scour depth is shown in the next section. The schematic diagram of the location of the
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measunng points 1s given 1n Fig. 6.2. The maximum scour depth (Diom) measured at the four
different locations were 0.49. 1.58, 2.89, and 1.2 cm at 0°, 90°, 135° and 180° respectively.
The leveled sediment bed profiles before the experiment and scoured bed after the experiment
are presented 1n Fig. 6.5,

Fig. 6.5 Sand bed (for 35 circular collar) (a) before the experimental run; (b) after the
experimental run (top view); (c) after the experimental mn after removing the collar

6.2.6 Experiment Numher 6 (Circular Pier with 3.5 Circular Collar)

In the sixth expeniment, we fitted a circular collar of diameter (b:) 24.5 cm around the pier.
The collar was imnmserted into the bed and the upper surface of the collar was kept at the
sedmment bed level. This expeniment was carmed out for 360 minutes. Here also we measured
the temporal scour depth at four different points 1.e_, 0%, 90°, 135% and 180°. The time vanation
of scour depth 1s shown in the next section. The schematic diagram of the location of the
measunng points 1s given in Fig. 6.2. The maxinmmm scour depth (D:o) measured at the four
different locations were 0, 2.14, 2.77, and 0.98 cm at 07, 90°, 135° and 180° respectively. The
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levelled sediment bed profile before the expennment and scoured bed after the expeniment are
presented in Fig. 6.6.

b: =245 ¢cm

Fig. 6.6 Sand bed (for 3.55 circular collar) (a) before the experimental run; (b) after the
experimental run (top view); (c) after the experimental mun after removing the collar.

6.2.7 Experiment Number 7 (Circular Pier with 1.56 Airfoil Collar)

In the seventh experiment, we fitted an airfoil collar of diameter (5:) of 10.5 cm and length
(lc) of 21 cm around the pier. The collar was mserted into the bed and the upper surface of the
collar was kept at the sediment bed level. The tnangular side of the collar was kept at the
upstream of the pier. This experiment was carried out for 300 minutes. Here also we measured
the temporal scour depth at four different points1.e., 0°, 90°, 135° and 180°. The time vanation
of scour depth 1s shown in the next section. The schematic diagram of the location of the
measuring points 1s given in Fig. 6.7. The maximum scour depth (D..,,) measured at the four
different locations were 0.012, 2.139, 1.29, and -0.29 cm at 0°, 90°, 135° and 180°
respectively. The minus sign indicates a deposition at that location. The leveled sediment bed
profile before the experiment and scoured bed after the expeniment 1s presented 1n Fig. 6.7.
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Airfoil Collar

5; =105 em, =21 cm

Fig. 6.7 Sand bed (for 1.55 airfoil collar) (a) Location of measuring points for temporal
scour depths with airfodl collar, (b) before the experimental run; (c) after the experimental
run; (d) after the experimental run after removing the collar.

6.2.8 Experiment Number 8 (Circular Pier with 25 Airfoil Collar)

In the eighth expenment, we fitted an airfoal collar of diameter (4.) of 14 cm and length (/)
of 28 cm around the pier. The collar was mserted imnto the bed and the upper surface of the
collar was kept at the sediment bed level. The triangular side of the collar was kept at the
upstream of the pier. This expeniment was carried out for 360 minutes. Here also we measured
the temporal scour depth at four different pomnts 1.2, 0%, 90°, 135% and 180°. The time vanation
of scour depth 1s shown in the next section. The schematic diagram of the location of the
measurnng pomts 1s given in Fig. 6.7. The maximum scour depth (D:cn) measured at the four
different locations were 0, 1.98. 1.69, and -0.04 cm at 0°, 90°, 135°, and 180° respectively.
The minus sign indicates a deposition at that location. The leveled sediment bed profile before
the experiment and scoured bed after the experiment is presented i Fig. 6.8



be=14 cm, I; =28 cm

Fig. 6.8 Sand bed (for 25 airfoil collar) (a) before the experimental run; (b) after the
experimental run; (c) after the expenmental run after removing the collar.

6.2.9 Experiment Number 9 (Circular Pier with 2.5b Airfoil Collar)

In the ninth expeniment, we fitted an airfoil collar of diameter (&,) of 17.5 cm and length (/;)
of 35 cm around the pier. The collar was nserted into the bed and the upper surface of the
collar was kept at the sediment bed level. The tnangular side of the collar was kept at the
upstream of the pier. This experiment was carried out for 180 minutes. Here also we measured
the temporal scour depth at four different points1.e., 0°, 90°, 135° and 180°. The time vanation
of scour depth 1s shown in the next section. The schematic diagram of the location of the
measuring points 1s given in Fig. 6.7. The maximum scour depth (Dscm) measured at the four
different locations were 0, 2, 2.15, and 1.13 cm at 0°, 90°, 135°, and 180° respectively. The
minus sign indicates a deposition at that location. The leveled sediment bed profile before the
expertment and scoured bed after the expeniment are presented 1n Fig. 6.9.
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Fig. 6.9 Sand bed (for 2.55 airfoil collar) (a) before the experimental run; (b) after the
expertmental mun; (c) after the expenimental mun after removing the collar.

6.2.10 Experiment Number 10 (Circular Pier with 35 Airfoil Collar)

In the tenth experiment, we fitted an airfoil collar of diameter (b;) of 21 cm and length (/) of
42 cm around the pier. The collar was mserted mto the bed and the upper surface of the collar
was kept at the sediment bed level The triangular side of the collar was kept at the upstream
of the pier. This expenment was camed out for 540 minutes. Here also we measured the
temporal scour depth at four different points 1e_, 0°, 90°, 135° and 180°. The time varnation
of scour depth 1s shown in the next section. The schematic diagram of the location of the
measunng points 1s given in Fig. 6.7. The maximmm scour depth (D:o) measured at the four
different locations were 0, 2.23, 3.58, and 2.03 cm at 0°, 90°, 1359, and 180° respectively.
The minus sign mdicates a deposition at that location. The leveled sediment bed profiles
before the expeniment and scoured bed after the expeniment are presented in Fig. 6.10.



b.=21cm, [ =42 cm

Fig. 6.10 Sand bed (for 35 airfoil collar) (a) before the experimental run; (b) during the
experimental run (top view); (c) scoured bed profile after the experimental run.

6.2.11 Experiment Number 11 (Circular Pier with 3.55 Airfoil Collar)

In the eleventh experiment, we fitted an aifoil collar of diameter (b) of 24.5 cm and length
(J/z) of 49 cm around the pier. The collar was inserted into the bed and the upper surface of the
collar was kept at the sediment bed level. The triangular side of the collar was kept at the
upstream of the prer. This experiment was carned out for 480 minutes. Here also we measured
the temporal scour depth at four different points1.e, 0°, 90°, 135° and 180°. The time vaniation
of scour depth 1s shown i the next section. The schematic diagram of the location of the
measuring points 15 given in Fig. 6.7. The maximum scour depth (D.,,,) measured at the four
different locations were 0, 2.5, 3.61, and 1.62 cm at 0°, 90°, 1352, and 180° respectively. The
minus sign indicates a deposition at that location. The leveled sediment bed profiles before
the experiment and scoured bed after the experiment are presented m Fig. 6.11.
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be=24.5cm, I: =49 cm

Fig. 6.11 Sand bed (for 3.55 airfoil collar) (a) before the expenimental run; (b) after the
experimental run after removing collar; (c) after the expenmmental run before removing
collar (top view)

6.3 Temporal Variation of Scour Depth

In the present study temporal variation of scour depth has been observed for each expeniment.
A non-dimensional scour depth vs non-dimensional time plot for the pier with and without a
collar 1s given for all the experiments.

6.3.1 Circular Pier without Collar

For this test, the effect of the scouring process was noticed immediately upon starting the test.
The scour initially began at the sides of the pier. It then quickly spread around the pier's
perimeter from both sides towards the centreline of the pier at the upstream face. As the scour
process continued, the scoured sand material was deposited in the wake region. The maximum
scour depth was found at the upstream face of the pier. Fig. 6.12 shows the temporal
development of scour depth at four different locations around the unprotected pier (b =7 cm).

From the plot, 1t 15 seen that scour depth increases rapadly with time at the begmning of
the expeniment. Fig 6.12 shows that around 81% of the maximum scour depth occurred
during the first 90 mumutes (17% of the maximum time). However, the rate of scour is
decreased with time. Scour rate 1s defined as the change 1n scour depth per unit ttime. Even
though equilibrium was not attained, the rate of scour was very low by the end of the test. For
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an unprotected circular pier, the most important location 1s the upstream face of the pier
because the maximum scour depth (D:cm) 1s observed at that pomnt.
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Fig. 6.12 Temporal vanation between measured dimensionless scour depth (D:/b) versus
dimensionless time (U7#'h) for Experiment Number 1 (without collar).

6.3.2 Circular Pier with Circular Collars

In the case of a circular pier fitted with a circular collar on the bed, scour initially started at
the edge of the collar on either side toward the downstream portion as illustrated in Fig. 6.13.
Within the first few munutes, scour holes were formed on either side of the collar at the
interface with the sand bed. As the test progressed, these scour holes extended towards the
sides of the collar (907) and later towards the upstream along the collar, eventually converging
at the centreline (0°). The scour pattern then progressed beneath the collar and eventually to
the upstream face of the pier (0°P m Fig. 6.13).

Initial scour
hole

Fig. 6.13 Schematic illustration of mnitial scour hole development with a circular collar.

As sediment was removed from beneath the collar upstream of the pier, 1t was deposited
in the scour holes around the collar periphery and in the wake region. Consequently, the
maximum scour depth which was initially located within the scour holes, decreased as
sediment removal continued below the collar. Overall, the progression of scour showed 1mitial
scour hole formation at the collar edges, extending upstream and eventually shifting the
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maximum scour depth at the upstream face of the pier, accompamed by sediment deposition
downstream.

In Fig. 6.14(a-e) temporal variation of scour depths around a circular pier with circular
collars of five different sizes (collar diameter, & = 1.55, 25, 2.5b, 3b, and 3.58) at four
different measunng points (0°, 907, 135° and 180°) are shown. In the case of 1.5b and 2b
collars, the scouning rate 1s very high imtially at 90° and then it propagates towards the
upstream face of the pier. That is why the scounng at the upstream 1s delayed by a few
mimutes. But 1.5b and 25 collars are not effective in reducing scour. After some time, these
collars were undermined totally and were unable to protect the pier.

However, the collars of diameter 2.5b, 3b, and 3.5b protected the pier and 3.5b was
found to be the most effective among them. In the case of these three collars, the maximum
scour depth was observed downstream of the pier at 135° which 1s far from the rear nose of
the pier. For 2.5b and 35 collars, around 81% of maximum scour depth was reached under
50% of the maximum time (#w), while it was only 17% of fw for the pier without the collar
Though the collar of diameter 1.55 1s not effective, 1t took around 36% of the maximmm time
to reach 81% of the maximum depth. Hence, 1t can be seen that the rate of scour 1s much less
for piers protected with collars than the unprotected piers.

From Fig. 6.14(d, €) we can see that m the case of the collar of diameter 3b scounng
process was delayed at the upstream face of the pier and no scour was seen for the first 15
minutes at 0% and the collar of diameter 3 55 was observed to be protecting the scour around
the pier completely.
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Fig. 6.14 Vanation of dimensionless scour depth at the pier with circular collars of
diameters (a) 1.55; (b) 25&; (c) 2.55; (d) 35; (e) 3.55 with mncreasing dimensionless time.

6.3.3 Circular Pier with Airfoil Collar

In Fig. 6.16a temporal vanation of scour depth around the pier in the presence of the airfoil
collar of diameter (5,;) 1.55 has been shown at four different points towards 0%, 902, 135° and
180°_ In the case of airfoul collars, scour was first observed at the edge of the collar on either
side at the downstream portion of the collar as shown in Fig. 6.15. Within the first few minutes
of the expeniment, scour holes were observed to form on the sides (90°) of the collar at the
interface with the sand bed. The groves then extended towards both the downstream and
upstream sides of the collar

Initial scour
hole

P

Fig. 6.15 Schematic illustration of 1mitial scour hole development with an airfoil collar.

From Fig. 6.16a it 1s seen that the maxinmmum scour depth occurred at the sides of the
collar and the collar (1.55) protected the upstream face of the pier (0%). At the immediate
downstream of the pier along the centreline, a deposition of sediment was observed imtially.
At 1357 also scour depth was increasing with time but 1t was less than that of the 90°. At both
points rate of scour was high at first and 1t reduced with time but the rate of scouring was
mch less than that for prier without collar

In Fig. 6.16b temporal vanation of scour depth around the pier in the presence of an
airfoul collar of diameter (b:) equalling 25 has been shown at four different pomts (0°, 90°,
1352 and 1807). In this case, at 90°, the imitial scour hole developed and within 30 minutes
almost 80% of the maximmum scour depth was reached. Then the rate of scouning decreased.
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Inttially, at 135° scour was developed at a slower rate and after about 90 minutes the scour
rate increased. It 1s seen that airfoil collars delay the scounng process at 135° and the upstream
face of the pier 1s protected.

From Fig_ 6.16c 1t 1s seen that in the case of a pier with an airfoil collar of diameter (b;)
equaling 2 5b, mitially at 90° the scour depth developed and then extended towards 1357
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Fig. 6.16 Dimensionless scour depth (D:o/b) varying with dimensionless time at the pier
with airfoil collars of diameters (a) 1.55; (b) 25; (c) 2.55; (d) 3b; (e) 3.5b.
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But in the case of collars of diameters 35 and 3.55, scouning was observed much higher
at the downstream and then 1t was propagated towards the sides of the collars. However, all
airfoil collars protected the upstream face of the pier and none of them was undermined
totally.

6.4 Influence of Collar Diameter on Temporal Development of Scour Depth

In Fig. 6.17(a-d) the temporal scour depth development at a pier for different collar (circular)
diameters has been compared with that of an unprotected pier at 0°, 90°, 135°, and 180°
respectively. At 0°, the maximum scour depth (Dscm) for the circular collar of diameter 3.55
was measured as 0 cm and that for an unprotected pier (D.,,) was measured as 3.67 cm. The
least effective collar diameter is identified as 1.55. At 0° and 90° points, the maximum scour
depth was obtamed for the pier with the collar diameter of 1.56 and the subsequent scour
depths were gauged as 1.8 and 2 76 cm. Hence, the collar diameter of 1.5b can be declared
the least effective collar.
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Fig. 6.17 The effect of circular collars of different diameters on temporal scour depth ata

point towards (a) 0°, (b) 90°, (c) 135° and (d) 180°.
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The 07 1.e_, the upstream face of the pier 15 identified as the most important location as
the maximum scour was found to be occurred at that point for an unprotected pier. At 0°, Dugm
for the pier with circular collar diameters 2b, 2 5b, and 35 were gauged equal to 1.43, 1.72,
and 049 cm, respectively. At 90°, Diow for the pier with circular collar diameters 25, 2 55,
3b, and 3.5b were measured 2.73, 1.85, 1.58, and 2.14 cm_ respectively. At 135°, D.,, for an
unprotected pier was measured 1.49 cm and Diem with circular collar diameters 1.55, 25, 2.55,
3b, and 3_5b were measured 1.6, 2.25, 2.28_2 89, and 2. 77 cm, respectively. At 180°, Dy, for
an unprotected pier was gauged 0.399 cm, and Dsow with circular collar diameters 1.55, 25,
2.5b, 3b, and 3 5b were gauged -0.33, 1.75, 09, 1.2, and 0.98 cm, respectively.

In Fig. 6.18(a-d) the temporal scour depth development at a pier for different collar
(airfoal) diameters has been compared wath that of an unprotected prer at 0°, 90°, 135°, and
180° respectively. At 0°, no scour depth was observed for the airfoil collars. At 90°, for 1.55
and 25 collars, the scouring rate was imitially found to be the highest. The rate of the scour for
255 collar was found more than 1.55 and 25 collars. However, it was found less than 35 and
3.5b collars. Also, the scouring process was delayed for 35 and 3.55 collars.
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Fig. 6.18 The effect of airfoil collar of different diameters on temporal scour depth at (a) 07,

(b) 90°, (c) 135° and (d) 180°.
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6.5 Reduction of Temporal Scour Depth with Circular and Airfoil Collars

The percentage reduction (%aR) of scour depth around a pier protected with a collar compared
to an unprotected pier can be defined as the protection efficiency of the collar.

%R =[M]nm (6.1)

The percentage reductions (%R) of scour depths for the circular collars of diameters
1.5b, 2b, 2.5b, 3b, and 3.5k at 0° (upstream face of unprotected pier and upstream face of
collar for protected pier) are calculated 50.95, 61.04, 53, 86.65, and 100%, respectively.
Whereas, the percentage reductions (%R) of scour depths for the circular collars of diameters
1.5b, 2b, 2.5b, 3b, and 3 5b at 90° (sides of unprotected pier and sides of collar for protected
pier) are computed only -6.98, -5.81, 28.29, 38.76, and 17.05%, respectively.

Table 6.1 shows the maximum scour depths measured dunng the experiments and the
protection efficiencies of each collar at four different points around the pier.

Table 6.1 Percentage reductions of maximum scour depths in the presence of a collar

Shapeof b./b I/b tm Max Scour Depth (Dscm) % Reduction
Collar (min) (cm) (*oR)
0°  90° 135° 180 0O° 20 135 180°

Without

il 1 — 540 367 258 149 040 - - - -

Circular 15 - 180 180 276 160 -033 510 -70 -74 1827

Circular 2 — 400 143 273 225 175 610 -58 -510 -3386

Circular 25 — 580 173 185 228 090 530 283 -530 -1256

Circular 3 — 360 049 158 289 120 867 388 -940 -2008

Circular 35 - 360 000 214 277 098 100 171 -B59 -1456
e N T TR R T L

3
Aurfoil 2 4 360 000 1958 169 004 100 233 -134 110
Aurfoil 25 5 180 000 200 215 113 100 225 -443 -1832
Aurfoil 3 L] 540 000 223 358 203 100 136 -1403 -40B.8
Aurfoil 35 7 480 000 250 361 162 100 31 -1423 -306

The percentage reduction (%R) of scour depth for the aifoil collar of diameter 1.55 at
0°1599.67% and 25, 2.56, 35, and 3.55 are 100%. %R for the airfoil collars of diameters 1.55,
2b, 2.5b, 3b, and 3.5b at 90° are 17.09, 2326, 2248 1357, and 3.10% respectively.
According to Table 6.1, the percentage reduction for the airfoil collars at 135 and 180° shows
that in the case of larger size collars the maximum scour occurs at the downstream side of the
pier and the upstream face is protected. The negative sign of the percentage reduction
indicates that the collar 1s not effective i protecting the pier but that does not mean that larger
collars are ieffective. They protect the upstream face which 1s our main concern.
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6.6 Morphological Geometry of Scour for Pier with and without Collar

The contour lines of the scour holes at the circular prer with and without collars, plotted with
Surfer - Golden Software, for experiment numbers 1 to 11 are shown in Figs. 6.19 to 6.21.

Figure 6.19 shows the contours of the scoured bed profile for the pier without any collar.
The maximum scour depth 1s 3.67 cm and the maximum height of the mound 15 1.73 cm. The
location of the maximum scour depth 1s obtained at x = 4 cm and y = 0 em 1.2, the upstream
face of the pier. The (0.0) reference point 1s the center of the circular pier.
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Fig. 6.19 Contours of scour hole for an unprotected pier (b= 7 cm).

Figure 6.20a shows the contours of the scoured bed after the experimental run for the
pier with a circular collar of diameter 1.55 (pier dia, & = 7 cm). The maximum scour depth 15
3.13 cm and the maximum height of deposition 15 1.16 cm. The location of the maximum
scour depth obtained 1s at x=-1 cm and y =-3.7 cm 1.e., at the side (907) of the pier (right
side of the axis of symmetry).

Figure 6.20b shows the contours of the scoured bed for the pier with a circular collar of
diameter 2. The maximum scour depth 1s 4.4 cm and the maximum height of the mound 1s
3.08 cm. The location of the maximum scour depth obtained isatx =14 cmand y=-55 cm
1.e, at the downstream of the pier (right side of the axis of symmetry).

Figure 6.20c shows the contours of the scoured bed for the pier with a circular collar of
diameter 2.5b. The maximum scour depth 1s 3.02 cm and the maximum height of the mound
15 3.3 cm. The location of the maximum scour depth obtammedi1satx=17 cmand y=-5.5cm
1.e_, at the downstream of the pier (right side of the axis of symmetry).

Figure 6.20d shows the contours of the scoured bed for the pier with a circular collar of
diameter 35. The maximum scour depth 1s 4 14 cm and the maximum height of the sediment
deposition 1s 3.47 cm. The location of the maximum scour depth obtained 1s at x = 16.5 cm
and y = -9 cm 1.e_, at the downstream of the pier (nght side of the axis of symmetry). Figure
6.20e shows the scour contours for the pier with a circular collar of diameter 3.55.
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Fig. 6.20 Contours of scour holes and depositions for the pier protected with collars of
diameters (a) 1.55; (b) 2&; (c) 2.55; (d) 3&; (e) 3.5b [Note: 1n all figures, (-) sign indicates
scour and (+) sign indicates deposition].

The maximum scour depth 1s 3.82 cm and the maximum height of the sediment
deposition 1s 3 cm_ The location of the maximum scour depth obtained 1s at x = 20.5 cm and
¥=-11.5 cm1e, at the downstream of the pier (nght side of the axis of symmetry). The (0,0)
reference point 1s the center of the circular pier.

Figure 6.21a shows the contours of the scoured bed for the pier with an airfoil collar of
diameter 1.5b (pier dia, b = 7 cm) and length 25, (collar dia, b; = 10.5 cm). The maximum
scour depth 15 2. 22 cm and the maximum height of deposition 1s 1.89 cm. The location of the
maximum scour depth obtained 1s at x =0.5 cm and y = -4 cm 1.2, at the side (90°) of the pier
(right side of the axis of symmetry).
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Figure 6.21b shows the contours of the scoured bed for the pier with an airfoil collar of
diameter 2k and length 25, (b; = 14 cm). The maximum scour depth is 2.53 cm and the
maximum height of deposition 1s 1.85 cm. The location of the maximum scour depth obtained
1satx =12 cm and y = -8 cm 1.e_, downstream of the pier (nght side of the axis of symmetry).

Figure 6.21c shows the contours of the scoured bed for the pier with an airfoil collar of
dhameter 2 5b and length 25, (b: = 17.5 cm). The maximum scour depth 15 2.89 cm and the
maximum height of deposition 1s 3.2 cm. The location of the maximum scour depth obtained
tsatx=18 cmand y=-6.2 cm 1.e , downstream of the pier (right side of the axis of symmetry).

Figure 6.21d shows the contours of the scoured bed for the pier with an airfoil collar of
diameter 3k and length 25, (b, = 21 cm). The maximum scour depth is 4.54 cm and the
maximum height of deposition 1s 3.17 cm. The location of the maximum scour depth obtained
1satx = 18.5 cm and y = -8 cm 1.e., at the downstream of the pier (right side of the axis of
symmetry). Figure 6.21e shows the contours of the scoured bed for the pier with an airfoil
collar of diameter 3.5b and length 25, (b: = 24.5 cm).
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Fig. 6.21 Contours of scour holes for the pier protected with collars of diameters (5:) equal
to (a) 1.35; (b) 2b; (c) 2.5b; (d) 3b; (e) 3.3b and collar length () of 25, [Note: 1n all figures,
(-) sign mdicates scour and (+) sign mdicates deposition].

The maximum scour depth 1s 3.97 cm and the maximum height of deposition 1s 3.57
cm. The location of the maximum scour depth obtamned 1sat x =185 cmandy=-10cm1e,
at the downstream of the pier (night side of the axis of symmetry). The (0.0) reference point
1s the center of the circular pier.

The location of the maximum scour depth we got at the end of each expeniment. for no
collar (D.,,) and in the presence of different collars (D..,) 1s given in Table 6.2. The (0.0)
point 1s a reference point located at the center of the circular pier. The locations are plotted mn
Fig 6.22.

Table 6.2 Location of maximum scour depth observed during each expeniment

Exp. No. ShapeofCollar B bJb (v y)
(cm) () (cm, cm)

] = 7 —  (450)
2 Circular T 15 (137
3 Circular 7 2 (1455)
4 Circular T 25 {1755
5 Circular 7 3 (1659)
6 Circular 7 35 (205,115)
7 Airfoil 7 15 (055)
8 Airfoil 7 2 (12.8)
9 Airfoil 7 25 (1862)
10 Airfoil 7 3 (1858)
1 Airfoil 7 35 (185.10)
10§
=,
5.
- 1
& 2
o4 @ 3
1 &d
& 5
-l j E
& 8
At B '
& i x (cm)

30 25 20 15 10 5 0 -5
Fig. 6.22 Locations of maximum scour depths identified durning 11 experiments.
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6.7 Longitudinal Scour Hole Profile

A companson of the longitudinal scour hole profiles for the cases of the unprotected pier and
pier with circular or airfoil collars for different collar sizes 1s shown in Fig. 6. 23. The overall
scour hole length at the unprotected pier was observed smaller than that at the protected pier
for the expenmented flow conditions.

0.6 0.6
==} (a) bfb=15
H
D44 o 0.4
e
0.2 0.2 4
D.04- IR——— 5 et SR 71 R S
“0.29 = No Collar =0.2+
- CC
4] AC 0.4
xh
-U"B' T T T -U"B'
20 15 10 -5 -10 2
0.6
0.4
0.2 4
0.0 4—
024
044
-0.6
20

029 —-a-- No Collar
e
E/ Rt

20 15 10 5
Fig. 6.23 Companson of the longitudinal scour hole profiles for the pier with and without

circular (CC) and airfoil collars (AC) of diameters (a) 1.55, (b) 25, (c) 2.55, (d) 3b, (e) 3.5b
at the maximum time (Note — Collar diameters and lengths are not in scale 1n the graphs)
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However, the maximum scour depth (Diom) was found the deepest among all for the
unprotected pier and 1t occurred at the immediate upstream face of the pier. In the case of
smaller circular collars (1.5b and 25), the deepest scour was observed at the upstream face of
the pier. The graph shows that even 1n the presence of 35 and 3 .55 collars, scour still occurred,
resulting in significant scour depth downstream in the wake which agrees with the findings
of Kumar et al. (1999). However, tlus was far from the pennmeter of the pier and hence not a
major concern. The (0,0) reference point is located at the oniginal bed level at the center of
the pier and x is the length of the channel along the flow.

6.8 Scour Dimensions

The lengths, widths, planar areas, surface areas, and volumes of scour holes and depositions
obtained from the experiments are given in Table 6.3. The schematic diagram of sediment
transportation 1s shown in Fig 6.24. It can be seen that for an unprotected pier, the length of
the scour (i) 1s 8.45% less than the width of the scour (w;). For circular collars of 1.55
diameter, [, and w, are measured almost the same. For circular collars of diameters 25, 255,
3b, and 3.55, the scour lengths are measured 54.69, 40.88, 36.54, and 49.76% more than the
scour width, respectively. Whereas, for airfoil collars of diameters 1.55, 25, 2,55, 3b, and
3.5b, the scour lengths are gauged 10.34, 42 .62, 33.23, 53 47, and 49 37% more than the scour

width, respectively.

.

Fig. 6.24 Schematic diagram of sediment transportation after the expenimental run for a pier
with a circular collar (b =2.55).

a7



Table 6.3 Scour and deposition details highlighting the length, width, area and volume.

Exp. Collar bbb 1D Ik la Ly Wy Wi fps s fpd sd Vs Vi

No. (cmm) (m) (cm) (cm) (cm) (m) () () () (m) (Y (o)
1 C?I‘I]:a:[ 7 B 195 299 433 213 269 5175 5580 643.5 6560 4399 3207
2 Circular 7 15 — 264 484 651 263 278 6118 6426 6980 7040 4705 3204
3 Circular 7 2 - 478 487 85 309 38.1 12607 13398 13455 13856 17457 16690
4 Circular 7 25 - 51 501 847 362 349 1580.8 16504 15840 16352 15993 18292
5 Circular 7 3 — 568 662 1065 416 412 26592 27346 18068 18579 23877 23624
[¥] Circular 7 35 - 632 752 1161 422 419 24939 25806 35919 36409 24907 28593
7 Aarfoal 7 15 3 256 234 40.4 232 26.8 608.4 6310 6292 6392 3463 3174
8 Aurfoil 7 2 4 425 322 627 298 255 11654 12028 9213 9373 7566 4421
9 Aarforl 7 25 5 449 401 12.6 337 33 13484 13955 17815 18167 11832 10843
10 Aarfoal 7 3 6 597 548 o4 389 36 28404 29280 18847 19317 24215 19528
11 Aurfoil 7 35 7 593 608 978 39.7 385 29538 30458 2587.6 26381 24677 22214

Note: b 15 pier diameter, b; 1s collar diameter, /- 1s the length of airfoil collar, [ 1s the length of scour, [i1s the length of deposition, Lr1s the total
length of sediment transportation. w; 1s the width of scour, wy 1s the width of deposition, a,, 1s the planar area of scour, a4 15 the planar area of
deposttion, ass 1s the surface area of scour, asq 15 the surface area of deposition, F:1s the volume of scour, Fyis deposition volume.
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A companson of different scour dimensions for circular and airfoil collars relative to
an unprotected pier 1s shown in the bar charts below (Fig. 6.25). These charts illustrate the
scour dimensions for different collar configurations [No Collar, Circular Collar (CC), and
Auarfoil Collar (AC)] at vanious ratios of b/b.
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Fig. 6.25 Companson of different scour dimensions: (a) scour length, (b) deposition length,
(c) length of sediment transportation, (d) scour width, (e) deposition width, (f) planar area
of scour, (g) surface area of scour, (h) planar area of deposition, (i) surface area of
deposition, (j) volume of scour, and (k) volume of deposition

6.9 Influence of Collar Shape on Scour Protection Efficiency

In the previous sections, we saw the temporal development of scour depths at different
locations (upstream face of the pier. edges of collars upstream and downstream, etc).
However, from the experiments conducted, we observed that the two most important locations
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for scouring around a pier protected with a collar are the upstream face of the pier and the
sides of the pier. Also, different shapes of collars have different effects on maxinmm scour
depths. In this section, a comparative study on the protection efficiencies of collars has been
carned out between circular and airfoil collars. In this section, we have considered only two
locations — (a) the upstream face of the pier and (b) sides of the pier (as shown in Fig 6.26)
for both the unprotected pier and pier protected with the collar. The aim of using a collar 1s to
protect scour in the vicinity of the pier penmeter and that 1s why we have considered these
two locations around the pier penimeter in this section for analysis.

Pier

Upstream

—

Side

Fig. 6.26 Measuning points of maximum scour depth.

WVarnation of maximum scour depth with respect to different sizes of different shapes of
collars (circular and airfoil) 1s shown in Fig 6.27. For an unprotected pier, maximum scour
depth 15 observed at the upstream and for a pier protected with collars, 1t 1s observed at the
sides of the pier. It 1s because in the presence of a collar the initial scouring pattern and
location changes. The larger collars protected the pier completely for both airfoil and circular
collars.

o,/ Mote: buh = 1 indicates - Pler without Cincular Collar Mote: bt = 1 indicates - Pler without Alrfoll Collar
5

08 0.8 4 Dsnr'h

=@ Lipgiream
—a— Sadn

024

a0

Fig. 6.27 Maximum scour depth vanation at the upstream and side of the pier without and
with different sizes of (a) Circular collar; (b) Airfoil collar

In Fig. 628, a companson has been made for maximum scour depth observed at the

vicinity of the pier penimeter for an unprotected pier, a pier with circular collars, and a pier
with airfoil collars. It 1s seen that for an airfoil collar, the maximum scour depth 1s less than
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that of a circular collar at both measuring pomts. It may be due to the length of the airfoil
collar which protects the pier scour.
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Fig. 6.28 Companson between maximum scour depths at circular and airfoil collars.

In Table 6 4, the details of maximum scour depth and the percentage reduction of scour
depth in the presence of collars are given. Protection efficiency of the collar,

D_-D
%R =[%]xmu (6.2)

5

Table 6.4 Protection efficiency of circular and airfoil collar

Shapeof b./b I./b F A Max Scour Depth Protection Efficiency
Collar (min) (Dsm) (cm) (%6)
Upstream  Side Upstream  Side
No Collar 1 - 540 3.670 3.293 - -
Circular 15 - 180 2480 3.130 3243 494
Circular 2 - 400 2707 4007 2623 -21.70
Circular 25 - 580 1.050 1.090 7139 66.90
Circular 3 - 360 0.686 1.036 8132 68.55
Circular is - 360 0.552 0.852 8496 7413
Marfoal 1.5 3 300 0477 2217 g7.00 32.67
Aurforl 2 4 360 0.594 1.684 8381 4886
Marfoal 25 5 180 0.613 0.693 8329 7895
Aurforl 3 [i] 540 0.465 0.605 8732 81.62
Aarfoal 35 7 480 0396 0.566 8920 82.80

It can be seen that the protection efficiencies of circular collars compared to an
unprotected pier were 32.43, 26.23, 71.39, 81.32, and 84.96% for 1.55, 2b, 2 5b, 3b, and 3.5b
respectively at upstream and 4.94_ 669, 68.55, and 74.13% for 1.55, 2 .55, 3b, and 3 55 at the
side of the pier. On the other hand for airfoil collar, those were 87, 83 81, 83.29, 87.32, and
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89.20% for 1.5b, 2b, 2.5b, 3b, and 3.5b respectively at upstream and 32.67, 48.86, 78.95,
81.62_ and 82 80% for 1.5b, 25, 2.5b, 3b, and 3 55 at the side of the pier

A comparnison of the protection efficiencies of circular and airfoil collars at the upstream
face of the collar 1s shown m Fig. 6.29. It 1s seen from the plot that the airfoil collar 15 more
effective in reducing scour at the upstream face of the pier.

Fig. 6.29 Comparison of protection efficiencies of circular and airfoil collars at the upstream
face of the pier.

6.10 Overall Discussion

Scouring around a circular pier built on erodible bed matenal 1s a complex and three-
dimensional issue. Despite extensive research, the mechanisms behind clear-water scour
around bridge piers are still not fully understood. This leads to vanous methods for esttmating
scour depth. Several countermeasures have been proposed to mmutigate local scour, with the
use of collars being one such techmque, primanly based on model studies. In real-world
scenanos, peak flood flows mught last only for a few hours or days, which may not be enough
time for the scour depth to reach equilibrium_ As a result, the actual scour depth during these
short-duration floods may be only a fraction of the equilibrium depth, which could take weeks
or even months to fully develop. Installing a collar on a pier prevents downflow from directly
hitting the niverbed, which lowers the depth of scour. It not only reduces the maximum scour
depth but also reduces the rate of scour sigmficantly. Thus, collars can effectively reduce the
development of scour and nutigate 1ts impact on bridge piers durning short-duration floods.
From the expenments conducted in the present study and previous literatures, we
observed that collars of larger diameters (35-3_55) can be an effective scour countermeasure.
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Aarfoil collars were found to be more effective than circular collars. The possible reason could
be the area coverage by the collar for sediment protection. The area covered by the airfol
collar at the upstream side of the pier was more than that by the circular collar and due to this
reason, the amrfoil collar protected a larger area of sediment bed from the impingement of
downflow and subsequently horseshoe vortex. Maybe because of this, the airfoil collar
showed greater protection efficiency.

Also, the maximum scour depth was found to occur downstream of the pier in the case
of the collars that protected the upstream side of the pier like the larger-sized collars (b = 3b-
3.55). However, for 1.5 and 25 circular collars, which were not at all effective 1n protecting
scour, the location of the maximum scour depth was the same as the unprotected pier 1.e_, the
upstream face of the pier. Although the scour depth for the larger-sized collars found
downstream of the pier was of significant amount it was not of much concern as the scour
was far away from the pier perimeter.

An accurate estimation of scour depth in the presence of a collar 1s needed, to decide
whether the collar will be an effective countermeasure for a given situation or not. That’s why
in the present study an attempt has been made to develop a predictive model using machine
learming techniques and a new equation using nonlinear regression analysis for predicting
temporal scour depth around the pier in the presence of a collar and these are discussed in the
following chapter.



CHAPTER -7

PREDICTIVE MODEL AND NEW EMPIRICAL EQUATION

7.1 Predictive Model of Temporal Scour Depth using CART Regression

The maximum depth of scour around a pier with a collar 1s mfluenced by several factors,
including the collar's diameter and position, as well as parameters that affect scour depth
without a collar, such as flow velocity and sediment charactenistics, as discussed m Chapter
3. Vanous researchers have developed equations for maximum and temporal vanations in
scour depth without a collar (Melville and Chiew, 1999; Oliveto and Hager, 2002; Kothyan
et al . 2007). However, a few studies have proposed equations for scour depth around piers
protected by circular and airfoil collars (Kumar et al | 1999; Pandey et al_, 2020; Pandey et
al, 2022: Gupta et al., 20235; Gupta et al., 2024).

In the present study, a predictive model of temporal scour depth around the pier with a
collar has been developed using the CART regression method. Classification and Regression
Tree (CART) analysis 1s a very common modeling method used to make a prediction on a
varable (Y), based upon several explanatory vanables, 3, X, ., Xp.

7.1.1 Modeling of Scour Depth for Pier with Circular Collars

By rearranging the most important parameters and using dimensional analysis, temporal scour
depth around the pier in the presence of a circular collar can be written as Eq. 7.1.

b h U Ur dsy

f[ ARTATE Rﬂ,Fr] (7.1)
A correlogram 1s a graphical representation used to display the cormrelation coefficients
between multiple variables in a dataset. Comrelation 1s a statistical term that describes the
extent to which two vaniables are related. A positive correlation between two vanables means
that an increase in one varable 1s associated with an increase in the other. Conversely, if an
increase in one variable causes a decrease in the other, then they have a negative correlation.
It 15 expressed numencally by the correlation coefficient. The range of correlation coefficient

ranges between -1 and 1.

From the correlogram (Fig. 7.1) we can see that Fr (Froude number) and dsu/'b have a
strong relationship hence Fr can be elinunated. Agam, Fr and Re, (Reynolds number) are
related and hence Re, can also be eliminated.

The relative importance of the remaining vanables 1s given in Fig. 7.2. Here, 1t 1s found
that the most significant influential parameter 1s Ut/b. The mininmum importance 1s identified
for the LUVU; among the five influential parameters.
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Fig. 7.2 Relative Vanable Importance.

The method used for the modeling 1s given i Table 7.1. In CART regression, the 80-
20% traming-testing refers to the method of splitting the dataset into a traming set (80% of
the data for building a predictive model) and a testing set (20% of the data for evaluating the
model). A total of 504 data points have been used for building the CART model. The node
splitting method used 1s the least squared error and the cniterion for selecting the optimal tree

1s maximum R2.

Table 7.1 Methods for building the model (Circular Collar)

Criteria Method

Node splitting Least squared error

Optimal tree Maximum R-squared

Model validation 80/20% training/testing data points
Data points used 504




R-squared (R” or the coefficient of determination) 1s a statistical measure in a regression
model that indicates the proportion of vanance in the dependent vanable explained by the
independent variable. In other words, R? determines how well the regression model fits the
data. The most common interpretation of R-squared 1s how effectively the regression model
explains the observed data. Generally, the higher the R? value, the better the model fits the
data. R? 15 always between 0% and 100%.

For training 406 data points and for the test 98 data points are used. The descriptive
statistics about the response variable are given in Table 7.2. The mean, standard dewviation,
minimum, median, and maximum are measured i the same units as the onginal data. Here,
the input data. non-dimensional temporal scour depth (D../b) is unitless and that 1s why the
mean standard deviation, etc. values are also unitless.

Table 7.2 Response Information of training and testing data points

Datapoints N %ofN Mean SD Mimmum Median MMaximum

Trammng 406 B0.6 0474 0442 0 0.358 1.77
Testing 98 194 0541 0478 0 0374 1.71
Note: SD 1s the standard deviation of non-dimensional temporal scour depth (Dsc/b), and N
15 the mumber of data points.

By default, the starting point for the regression tree 1s the smallest tree with an R? value
within 1 standard error of the maximum R® value. In analyses involving cross-validation or a
separate test data points, the R? value is derived from the validation sample.

The plot given in Fig. 7.3 illustrates the R? value corresponding to each tree. The
regression tree with 51 terminal nodes has an R? value of approximately 0.935. It 1s labeled
"Qptimal" because it represents the smallest tree with an R? value within 1 standard deviation
of the maximum R? value. Since the R” values remain relatively stable for trees with around
40 to 65 nodes (can be seen from Fig. 7.3). we evaluate the performance of a smaller tree that
15 sumlar to the one in the results. Generally, an alternative tree 1s chosen for one of two
reasons:

o The tree selected by Minitab 1s part of a pattern where the criterion improves, and there
are one or more trees with slightly more nodes that follow the same pattern. In this case,
typically the aim 15 to use a tree with the highest prediction accuracy possible.

o The tree selected by Mimitab 1s part of a pattern where the criterion remains relatively flat,
and there are one or more trees with similar model summary statistics but sigmficantly
fewer nodes than the optimal tree. In such cases, a tree with fewer terminal nodes often
provides a clearer understanding of how each predictor vanable influences the response
values. A smaller tree also makes it easier to identify specific target groups for further
study. If the decrease in prediction accuracy for a smaller tree 1s negligible, the smaller
tree can be used to analyze the relationships between the response and predictor vanables.

The regression tree with 47 terminal nodes has an R? value of 09319 (Fig. 7.3). The
detailed alternative decision tree 1s given in Appendix I The tree diagram shows all 406 cases
(tratning dataset) from the full dataset. The root node 1s the top node in the tree and 1s the only
one without any parent nodes. At each node, data 15 divided into two child nodes based on
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specific charactenistics. This process of splitting continues at each node until there 1s no
further data to dinde, resulting in terminal nodes that cannot be split any further When
validating the tree's performance with a test data set, the tree diagram displays cases from the
traimng data set.

1004

L}

90+ poapatsp-TIeE

&0

704

R-=quared (')

il 1

504

404

¢ 10 20 30 2 50 &0 70
Mumber of Terminal Medes

Fig. 7.3 R* versus Number of Terminal Nodes.

Each node presents details on the mean, standard dewviation, and count. The mean
represents the average response value of the cases within the node and serves as the predicted
value for new data that falls into the same node. Terminal nodes with means that differ the
most from other terminal nodes may be of particular interest because the predictions for cases
in these nodes are the most distinct. For instance, nodes with the ighest or lowest means may
be of special interest. The standard deviation reflects the vanability of the response values
within the node. Terminal nodes with smaller standard deviations may be of particular interest
because their predictions are more precise compared to the termunal nodes with larger
standard deviations. The total count represents the number of cases within the node. Ternmnal
nodes with a large number of cases may be of particular interest, as they often represent more
COMMOon SCENarios.

The first node 1s split using the variable i/f,. Node 2 has the cases where A/l < 0.825.
This node contains 59 cases. The mean for the node exceeds the overall mean The standard
deviation for Node 2 is approximately 0.363. which 1s lower than the overall standard
deviation because a split creates more pure nodes. Node 11 includes cases where i/l = 0.825,
with a total of 347 cases. The standard deviation for Node 11 1s approximately 0.365, which
15 lower than the overall standard deviation. Based on different vanables, these nodes are
further split. This tree has 47 ternunal nodes and Termunal Node 30 has the lowest standard
deviation.

The number of important predictors is five. The importance order of these five vanables
15 given in Fig_ 7.2 (Relative variable importance). A terminal node is a final node that cannot
be split further. RMSE, MSE, MAD, and MAPE measure the accuracy of the tree and smaller
values mdicate a better fit. In thus study, RMSE, MSE, and MAD are unitless. The model
summary 1s given in Table 7.3,
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Table 7.3 Model Summary

Total predictors 5

Important predictors 5

Number of terminal nodes 47

Mimimum terminal node size 3

Statistics Traimng Testing
R-squared (R2) 09688 09319
Root mean square emror (RMSE) 0.0780 01241
Mean squared error (MSE) 0.0061 0.0154
Mean absolute deviation (MAD) 0.0538 00913

Mean absolute percentage error (MAPE) 3.9332  4.1880

A scatterplot 1s used to assess the accuracy of the predictions. The calculated line
signifies where the observed value matches the predicted value. Any outhiers or clusters of
points that deviate significantly from this line in the test data may indicate that the data points
need further imnvestigation. The scatterplot given 1n Fig. 7.4 displays almost simular patterns
in both the training and test datasets, indicating that the performance of the tree on new data
15 closely 1dentical to 1ts performance on the tratning data.
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Fig. 7.4 Scatterplot of computed versus observed nondimensional temporal scour depth.

The accuracy of the fits 15 more reliable for nodes with lower MSE values. Figure 7.5
shows that the termunal node 28 has lower accuracy compared to the other terminal nodes.
Terminal node 28 presents the greatest opportunity for improvement of the tree 1f the variation
can be reduced.

From Fig. 7.6, 1t 1s seen that termunal node 21 exhibits the largest residual. while
terminal node 45 shows a senies of negative residuals. Further investigation of these points
may uncover why the tree does not fit them as well as other pomts i the node.
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The R, RMSE, and MAD and percentage in (Pi) for 10%., 20%, and 30% error lines
have been calculated for Pandey et al. (2020), Gupta et al. (2024), and the present study. These
are presented in Table 7.4. The R? value lies between 0 to 1 or 0 to 100%. From the formmulas
of RMSE and MAD (given in Chapter 4), we can see that the unit of these values depends on
the units of (Dsci/B)o and (Dsc'B)e. As (Dic/B)o and (Dc/b)e are umitless, RMSE and MAD are
unitless. The data in Table 7 4 shows that the predictive model of the present study performs
well.
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Table 7.4 Performance matnx using different statistical measures

Literature

RI

RMSE MAD Pin Pin Pin
(10%) (20%)  (30%)
Pandeyetal (2020) 072 024 031 933 22.02 35.71
Gupta et al. (2024) 028 049 036 17.86 34.13 46.63
Present study 096 009 036 39.68 60.91 70.04

The perfect agreement line (PAL) 15 a reference line used 1n the plot to indicate where
the observed values, (Dse/B)o perfectly match the computed values of scour depths, (Dse'B)e.
Figure 7.7 shows that approximately 39 .68%, 60.91%, and 70.04% of the data points for the
predictive model of the present study are within +10%, +20%, and £30% ermror lines

respectively.
1 (Dseb): O Pandey et al. (2020) s ,gj 7 )
© Gupta et al. (2024) 9
18 1 Present study (CART) -« 4r s
----- Fn r, - "
e
1 """ Yo ’&)
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Fig. 7.7 Graphical representation of error analysis of computed and observed non-
dimensional temporal scour depth around a circular pier with a circular collar for £10%,

+20%, and £30% error lines.
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7.1.2 Modeling of Scour Depth for Pier with Airfoil Collars

By rearranging the most important parameters and using dimensional analysis, temporal scour
depth around the pier in the presence of an airfoil collar can be wrnitten as (Eq. 7.2):

m’ f(b_ J_i E E df'ﬂ' REF] (72]

b'bh, U b b
From the correlogram (Fig. 7.8) we can see that Fr (Froude number) and dsy/® have a
strong relationship. Hence Fr can be eliminated. Again, Fr and Re (Reynolds number) are
related and hence Re can also be elininated Again A./b and [/b, have a comelation
coefficient of 1, and hence /./b can also be elimunated. Again dso/b and Re also have a
comelation coefficient of 1. Hence, dso’h 1s eliminated. The relative importance of the
remaining variables 1s given in Fig. 7.9.
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Fig. 7.9 Relative Vanable Importance of five shortlisted parameters.
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The method used for the modeling 15 given 1 Table 7.5. In CART regression, the 80-
20% traimng-testing refers to the method of splitting the dataset mto a traimng set (80% of
the data for building a predictive model) and a test set (20% of the data for evaluating the
model). A total of 474 data points have been used for building the CART model. The node
splitting method used 1s the least squared error and the criterion for selecting the optimal tree

1s maximum R2.

Table 7.5 Methods for building the model (Circular Collar)

Criteria Method

Node splitting Least squared emror
Optimal tree Maximum R-squared
Model validation 80/20% training/test sets
Data pomts used 474

For traming 383 data pomnts and for the test 91 data points have been used. The
descriptive statistics about the response variable are given in Table 7.6. Here, mean, standard
deviation, mummum. median. and maximmum are unitless.

Table 7.6 Response mformation
Datapomnts N %%ofN  Mean SD Mininmm Median  Maximum
Traming 383 BO8 0330264 0338977 0 029737 1.14995
Testing 91 19.2 0355217 0348117 0 0.367769 1.14995

Note: SD 1s the standard deviation SD 1s the standard deviation of non-dimensional
temporal scour depth (Dsei'®), and N 1s the number of data sets.

The plot given m Fig. 7.10 illustrates the R* value corresponding to each tree. The
regression tree with 45 terminal nodes has an R? value of approximately 0.9759. It 1s labeled
"Optimal" because it represents the smallest tree with an R? value within 1 standard deviation
of the maxinmum R? value. Since the R* values remain relatively stable for trees with around
38 to 45 nodes (Fig. 7.10), we evaluate the performance of a smaller tree that 15 stmilar to the
one 1n the results. The reason for choosing an altemative tree 15 discussed i the previous
section. The regression tree with 40 terminal nodes has an R? value of 0.9758 (Fig. 7.10).

The detailed alternative decision tree 1s given m Appendix II. The tree diagram shows
all 383 cases (traiming dataset) from the full dataset. The first node 1s split using the vanable
h/hy. Node 2 has the cases where h/h = 0.875. This node contains 202 cases. The mean for
the node exceeds the overall mean The standard deviation for Node 2 15 approximately 0.259,
which 1s lower than the overall standard deviation because a split creates more pure nodes.
Mode 33 includes cases where A/fn, = 0.875, with a total of 181 cases. The mean for the node
15 less than the overall mean. The standard deviation for Node 33 is approximately 0.126,
which is lower than the overall standard deviation. Based on different variables, these nodes
are further split. This tree has 40 terminal nodes and Terminal Node 40 has the lowest standard
deviation.
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The number of important predictors 1s 4. The importance order of these four vanables
1s given in Fig. (Relative vaniable importance). The model summary 1s given in the Table 7.7

Table 7.7 Model Summary

Total predictors 4

Important predictors 4

Number of terminal nodes 40

Mimimum terminal node size 3

Statistics Training Test
R-squared 0.9862 0.9758
Root mean square error (RMSE) 0.0398 0.0539
Mean squared error (MSE) 0.0016 0.0029
Mean absolute deviation (MAD) 0.0231 0.0330
Mean absolute percentage error (MAPE) 1.0165 0.1303

The scatterplot given 1n Fig. 7.11 displays almost simular patterns in both the traming
and test datasets. indicating that the tree's performance on new data 1s closely identical to 1ts
performance on the traiming data.
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Fig. 7.11 Scatterplot of computed versus observed nondimensional temporal scour depth
(aurfoil collar)

The accuracy of the fits 15 more reliable for nodes with lower MSE values. Figure 7.12
shows that termunal node 7 has lower accuracy compared to the other termunal nodes.
Terminal node 7 presents the greatest opportunity for improvement of the tree if the variation
can be reduced. From Fig. 7.13, 1t 15 seen that terminal node 7 exhibits the largest residual,
while terminal node & shows a senes of negative residuals. Further investigation of these
points may uncover why the tree does not fit them as well as other points in the node.
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Fig. 7.12 Scatterplot of MSE at different Terminal Nodes
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Fig. 7.13 Residual Plot by Termuinal Node

The R?, RMSE, and MAD and percentage in (Pw) for £10%, £20%, and +30% error
lines have been calculated for the present study and Gupta et al. (20235) and are presented in
Table 7.8. The data in Table 7_8 shows that the predictive model of the present study perfonms
well. Here, RMSE and MAD are unitless.

Table 7.8 Performance matrix
References R! RMSE MAD Pu(10%) Pm(20%) Pin(30%)
Gupta et al. (2023) 095 009 031 2595 4219 49.79
Present study 0.98 0.04 0.30 T0.25 81.65 87.55

The perfect agreement line (PAL) 1s a reference line used in the plot to indicate where
the observed values, (Dw/b)s perfectly match the computed values of scour depths, (Dsr/b)e.
Figure 7.14 shows that approximately 70.25%, 81.65%, and 87.55% of the datasets are within
+10%, £20%, and £30% error lines for the present study.
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Fig. 7.14 Error analysis of computed and observed non-dimensional temporal scour depth
around the pier with an airfoil collar for £10%, £20%, and £30% error lines

7.2 A New Empirical Equation for Temporal Variation of Scour Depth
around a Pier with Circular Collar

The temporal scour at the pier 1s affected by several factors as discussed in Chapter 3. A few
researchers have proposed empirical equations for temporal scour depth around a pier in the
presence of a collar (please see Chapter 2). However, using those equations, one can calculate
the percentage reduction of scour depth at a pier with a collar compared to an unprotected
pier. This means that temporal scour depth at an unprotected pier must first be known, etther
through expenmentation or by using existing empinical equations (e.g., Melwnlle and Chuew,
1999; Aksoy et al , 2017; Franzetti et al_, 2022; etc). Then only the scour i the presence of a
collar can be calculated. However, in this study, a relationship has been proposed in such a
way that the temporal scour depth around a pier with a circular collar can be calculated
directly, eliminating the need to first determune the scour depth at an unprotected pier.

The temporal development of scour (D..) around the pier with a circular collar can be
expressed (Eq. 7.3) as follows:

D b h U b
f[a T JEJ (7-3)
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where, b= pier diameter, b; = collar diameter, 1 = location of the collar from the water surface,
hw = flow depth, U= flow velocity, U: = critical flow velocity, t =time, dso = median diameter
of particles, g; = geometric standard deviation.

A total of 420 datasets are used to develop the equation. The vanation of the non-
dimensional temporal scour depth (Dic/b) with the non-dimensional parameters mentioned in
Eq. 7.1 1s shown 1n the plots below (Fig. 7.15).
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A non-linear regression analysis 15 performed to denve the equation m software named
“IBM SPSS (Statistical Package for the Social Sciences) Statistics™ using the present
experimental dataset and some previous literature datasets (Garg et al, 2005; Alabi, 2006;
Mashalur et al, 2009; Izadima et al., 2012; Tafarojnoruz et al | 2012; Pandey et al., 2020;
Kassem et al_, 2023; and Gupta et al__ 2024).

The nonlinear regression analysis resulted in the development of a new equation (Eq.
7.4) for calculating temporal scour depth around the pier with a circular collar. By including
various parameters that influence the scouring process, this equation 1s expected to provide a
more comprehensive and accurate estimation of the time-dependent scour depth when using
a circular collar around a pier.

. 3088 0350 0354
D _ —0_193{!’—‘] [—u_mm LY D.{Jj?][lﬂﬂj [1— E] [i] (o }_1_5[:5 (74)
b h b, b u. ds

Each function in the above equation has been carefully chosen to represent specific
aspects of the scour process. Here 1s an explanation of why each function 1s used:

o The ratio of the collar diameter to the pier diameter (bo/b) 1s raised to the power of -1 .469.
This power-law relationship indicates that the effect of the collar diameter on the scour
depth 1s non-linear. It agrees with the observations that larger collars reduce scour depth
significantly, but the reduction effect decreases as the collar diameter increases beyond a

o The ratio of the collar location from the water surface to the flow depth (h//) 1s sigmificant
as 1t demonstrates how collar elevation influences the scour process. The linear relationship
simplifies the representation and effectively captures how changes in collar elevation
affect scour. A collar placed on the bed 15 most effective and as the collar elevation from
the bed surface 1s increased, the efficiency reduces.

o The loganithmic function 1s used to represent the time-dependent development of scour.
Oliveto and Hager (2002) used a loganthmic profile for time scales m predicting scour
depth. The natural logarithm represents the decreasing rate of scour over time.

o When flow velocity approaches cnitical velocity (L), the scour becomes more likely. The
negative exponent reflects the inverse relationship. indicating that as flow intensity
increases, the potential for clear water scour also increases, but not in a simple linear way.

o When b/dso = 50, the sediments are relatively finer than the pier diameter. In such a
scenario, the scour depth decreases as the ratio increases and the negative exponent in the
power-law function reflects this relationship but in a non-linear manner.

o Ettema (1980) found that as the standard dewviation of the particle size distibution
increases, both the rate of scour hole development and the equilibum scour depth
decrease. For non-uniform sediments (1e_, higher gz values, gz = 2). armonng occurs on
the approach flow bed and at the base of the scour hole around the threshold condition.
This armornng significantly reduces local scour depth. The negative exponent of the power-
law relationship (6:)'*" reflects the inverse relationship.

The exponents and coefficients are denived from regression analysis, ensuning that the
model accurately predicts observed scour depth i similar expenimental conditions. This
equation is a comprehensive representation of the complex relationships between different
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factors influencing scour, using mathematical functions that best represent the known physical

ProCEsses.

7.2.1 Error Analysis

The (D::/b) computed using the equations of Pandey et al. (2020) and Gupta et al. (2024)
(mentioned m Chapter 2. Table 2.1) versus the observed (D:c/b) are also plotted in Fig.
7.16(a.b). To show the goodness of fit of Eq. (7.4) to the data, the values of (Ds/b), computed
using Eq. (7.4) are plotted agamst the observed values of (D:+/b) in Fig. 7.16c.
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Fig. 7.16 Ermror analysis of computed and observed scour depths for £10%, £20, and £30%
error lines using (a) Pandey et al. (2020), (b) Gupta et al. (2024), and (c) the present study

equation (Note — PAL indicates perfect agreement line)
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The figure shows that approximately 9.52, 25.71, and 44 29%; and 16.43, 32 .38, 43.33%
of the datasets are within +10%,_ +20%, and £30% error lines when computed using Pandey
et al (2020) and Gupta et al, (2024), respectively. On the other hand. the (D:/b) computed by
the proposed relationship of the present study (Eq. 7.4) shows good agreement between
computed and observed values as can be seen from Fig. 7.16c. Approximately 19.76, 3738,
and 51.67% of the datasets have been found within the +10%, £20%, and +30% error lines
when computed using Eq. 7.4 (Table 7.9).

Table 7.9 Percentage i (Pw) of the datasets for £10%, £20%, and £30% error lines

Literature Pix (10%%) Pin (20%) Pm(30%)

Pandey et al. (2020) 952 2571 4429

Gupta et al. (2024) 16.43 3238 43.33

Present study 19.76 37.38 51.67
7.2.2 Statistical Analysis

Statistical analysis 1s performed to assess the accuracy of Eq. 7.4. The R?, RMSE. and MAE
are common tools to check the goodness of fit of a regression model. A lower RMSE and
MAE indicate greater accuracy of a regression model, whereas a higher R* value is more
desirable. These statistical mndices and their 1deal fit for model evaluation are discussed
great detail in Chapter 4.

For time-dependent scour depth, the values of R*, RMSE, and MAE, when calculated
using Eq. 7.4 are 0.81. 0.21, and 0.16, respectively. These indices for the equations of Paney
et al. (2020) and Gupta et al_ (2024) are given in Table 7.10. The value of R? lies within 0-1
or 0-100%. Here, RMSE and MAE are unitless. From the formmlas of RMSE and MAE (given
in Chapter 4), we can see that the unit of these values depends on the umts of (D:c/b)o and
(Dsci/b)e. As (Dsct'b)o and (Dsc/b)e are umtless, RMSE and MAE are uniiless.

Table 7.10 Statistical Indices

Literature R! RMSE MAE

Pandey etal. (2020) 0.77 024  0.19
Guptaetal (2024) 009 073 0.39
Present study 081 021 016

From the error analysis and statistical analysis, we can see that the proposed equation in the
present study gives more reasonable comrespondence with observed data than the other two
equations proposed by Pandey et al. (2020) and Gupta et al. (2024).
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7.2.3 Limitations of Proposed Equation

The relationship considers several factors and appears to predict accurately, as indicated by
the high conformity of the datasets to the relationship. However, this relationship (Eq. 74)
has some limitations:

o Clear-water scour conditions should be mamntamed.

o The mfluence of the side walls should not be there.

o Steady and uniform flow should be mamtamned.

o The collar shape should be circular and the location of the collar should be on or above the
sediment bed.
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CHAPTER -8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The present study investigated collars as scour countermeasures around the bndge pier by
conducting laboratory expeniments. The influence of different collar shapes and sizes on the
temporal development of scour m clear-water conditions around a pier at four different
locations 1s examined. Time-dependent scour depth vanation around an unprotected pier was
also studied for companison. Collars weaken the horseshoe vortices and downflow. As a
result, the scour depth reduces 1n front of the pier. The current study considered two types of
collars, namely circular and airfoil. A total of 11 experiments were conducted at a constant
discharge of 25.5 U/s with and without collars. One expeniment was without a collar and ten
expertments were with collars fixed on the bed — five each with circular and airfoil collars of
different sizes. The results of the present study show that the collar may significantly reduce
scour depth around the pier. The following general conclusions can be drawn from this study.

o Without a collar, the scour depth was 1mitially found to be mncreasing rapadly. Around 81%
of the maximum scour depth was observed during the first 90 minutes (17% of the
maximum fime). However, the rate of scouring was observed to be decreased with time.
On the other hand, for the circular collars of diameters 2 .55 and 35, 1% of the maxinum
scour depth was found to have reached 50% of the maximum time. It means that the rate
of scour was much less for prers which were protected with collars.

o Using a collar effectively slowed down the temporal development of scour. Collar delayed
the development of scour holes. As floods often last for a much shorter duration than the
equilibrium time, this property of the collar becomes sigmficant.

o For circular collars, the scour was started around 135° (esther side of the collar) and with
time 1t was extended towards 20° (sides), eventually converging at 0°. Conversely, i the
case of airfoil collars, the scour was started at 90° and propagated towards 135° first and
then 0°.

o The maximmm scour depth was observed at the upstream face of the pier (07) for an
unprotected pier, and also with 1.55 and 25 circular collars, indicating the inefficiency of
these two collars. For 1.55 and 25 airfoal collars, the maximum scour depth (Dscm) was seen
to be protected at 90° and 0°. In the case of the 2.5b, 35, and 3.5b collars Dsow was observed
at 135° (downstream of the pier) which was far from the rear nose of the pier. However,
for a 2.5b collar, significant scour depth was seen at 0° (circular) and 90° (airfoil). Hence,
the best and most economical circular collar dimension for reducing scour was in the range
of be = 3b-3.5b, when placed at bed level, indicating the larger the collar diameter, the
smaller the scour depth. However, an important point to note here 15, that the airfoil collars
of all sizes protected the upstream face of the pier and none of them was undermuned
totally.
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The maximum scour depth reduction efficiency was found for circular collar width () of
3.5b for 0° position, and the mimmum was found for b; = 1.55. In the case of the airfoil
collar, almost 100% efficiency was found for all the b, at the 0° position.

It 15 seen that for an unprotected pier the length of scour (I;) 1s 8.45% less than the width
of scour (w:). For circular collars of 1.5h diameter, [; and w: are almost the same. For
circular collars of diameters 25, 2.5b, 35, and 3.55, the scour lengths are 54.69, 40 88,
36.54, and 49 76% more than the scour width, respectively. For airfoil collars of diameters
1.5b, 2b, 2 5b, 3b, and 3.5b, the scour lengths are 10.34, 42 62, 33.23, 5347, and 49.37%
more than the scour width, respectively.

The protection efficiencies of circular collars compared to an unprotected pier are 32 43,
26.23, 71.39, 81.32, and 84.96% for 1.5, 2B, 2.5b, 3b, and 3.5b collars respectively at
upstream and 4 94, 66.9_ 68 55, and 74.13% for 1.56, 2.5b, 3b, and 3.5b collar at the side
of the pier. On the other hand, for airfoil collar, those are 87, 83.81, 83.29, 8732, and
89.20% for 1.5b, 2b, 2 5b, 3b, and 3 5b respectively at upstream and 32 67, 48 86, 78.95,
81.62, and 82 80% for 1.5b, 2b, 2.5k, 3b, and 3.5b at the side of the pier.

The airfoil collar 15 observed to be more effective in reducing scour depth, compared to
the circular collar. One of the possible reasons may be that the area covered by the airfoil
collar at the upstream side of the pier 1s more and hence, it protected a larger area of
sediment bed from the impingement of downflow and subsequently horseshoe vortex.
The CART model developed for the present study outperforms previous literature
equations (Pandey et al_, 2020; Gupta et al_, 2024) for both the circular and airfoil collars
in terms of all the statistical influence factors. The statistical charactenstics of the CART
model for circular collars are calculated as R2 = 0.96, RMSE = 0.09, and MAD =036, and
for airfoil collars, they are computed as R* = 0.98, RMSE = 0.04, and MAD = 0.30. The
present model demonstrates superior performance compared to other literature formulas
for both types of collars, with respect to Pw (%) within error bands of £10%, £20%, and
+30%.

A new equation for time-dependent scour around a pier protected with a collar on bed level
1s developed through nonlinear regression analysis using the present experimental dataset
and some previous literature datasets. This equation 1s venified using different statistical
analyses. Based on the error and statistical analyses, the equation proposed m this study
shows a better fit with the observed data than the equations from Pandey et al. (2020) and
Gupta et al. (2024).

8.2 Limitations of Present Study

Limitations of the present study include the following:

o Constant flow discharge across all expenments may restrict the generalizabality of findings

to varying flow conditions.

o The use of fixed prer diameter limits the exploration of the influence of pier diameter on

scour depth.
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o Restricting the bed material to coarse sand may limt the applicability of results to different
sediment types.

o Limited vanability i collar shapes, with only two shapes considered, may overlook the
potential effects of different collar designs on scour reduction effectiveness.

o Another imitation of this study i1s the utilization of a single model for predicting scour
depth.

o The consideration of the clear-water scour may be the other limitation of this study.

o Each experiment could not be carried out for the same duration due to some unavoidable
circumstances.

8.3 Scopes of Future Study

The scope of future endeavors 1s outlined below:

o The current study examines scour depth under a constant flow velocity and flow depth.
Future research could explore how varying flow velocities and changing water depths
affect scour depth.

o There 1s msufficient data on how scour depth mn the presence of a collar 1s affected by
factors such as flow intensity, sediment coarseness, flow shallowness. etc. More
comprehensive research is needed to better understand the influence of these parameters.

o After manning tests 1n this study for approximately 8-9 hours, 1t can be concluded that the
scour did not reach the vicinity of the pier when a collar of diameter 35 or 3.55 was used.
However, the scour depth continued to increase at a reduced rate. Alabi (2006) conducted
an experiment for about 40 days and he also found no scour around the pier in case of a
collar of diameter 35. For future research, extending the test duration sigmficantly could
help determine whether the scour hole will eventually reach the area around the pier.

o Given that nivers often carry debris, especially during floods, investigating the impact of
debnis on the performance of a collar and the temporal development of scour could provide
valuable insights into the effectiveness of using a collar.

o Expanding beyond the straight flow path analyzed in the present study, future
investigations could explore the ramifications of flow paths with bends.

o A prospective avenue for future research entails the theoretical development of a method
for calculating scour depth based on the phenomenological theory of turbulence. This
theoretical approach could then be validated against expenimental results, constituting a
comprehensive investigation into scour depth prediction methods.

o Investigating the influence of vanous pier sizes on scour depth to provide a more
comprehensive understanding of pier geometry effects.

o Extending the study to encompass different types of bed materials beyond coarse sand to
broaden the applicability of results to diverse sediment compositions.

o Conducting further research to assess the effectiveness of additional collar shapes 1n
reducing scour, thereby expanding the range of potential scour countermeasure designs.

o Developmng and validating multiple models for predicting scour depth to provide a more
robust and comprehensive approach to scour depth estimation.
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o Literatures commonly described the flow mechamsms causing local scour around an
unprotected pier. However, there has not been much research on how the presence of a
collar affects flow behavior. Therefore, a study investigating this aspect will address a
significant gap i our understanding of the flow dynamics mvolved.

o Previous studies on collars as a countermeasure for local scour at piers have focused solely
on cohesionless matenials and clear-water flow conditions. Since local scour can occur at
a bridge pier under different conditions, including live-bed scour and cohesive soils, 1t
would be valuable to investigate the effectiveness of collars in these scenarios to gamm a
better understanding of their performance.

o All existing studies on the use of collars as a countermeasure for local scour at bridge piers
have relied on expeniments with physical hydraulic models. It would be beneficial to
evaluate the practical application of collars in the field through a prototype study.
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NOTATIONS

The following symbols are used in this dissertation work:

Apd
dps
Az
sz
b

-b [

B
dis
dso
das
oo
Disce
D.Tﬂﬂ
Disex
D L1
Dism
D
Fr

Planar area of sediment deposition (L?)

Planar area of maximum scour hole (L)

Surface area of maximum sediment deposition (L?)
Surface area of maximum scour hole (L)

Pier diameter [L]

Collar diameter [L]

Width of the tilting flume [L]

16% finer sand diameter [L]

Median diameter of sand (mm), [L]

84%; finer sand diameter [L]

90% finer sand diameter [L]

Equilibrum scour depth at the pier with collar, [L]
Maximum temporal scour depth at the pier with collar, [L]
Temporal scour depth at the prer with collar, [L]
Equilibrium scour depth at the pier without collar, [L]
Maximmum temporal scour depth at the pier without collar, [L]
Temporal scour depth at the pier without collar, [L]
Froude mumber of flow, [—]

Gravitational acceleration [LT]

Location of the collar from the water surface_ [L]
Collar elevation from the sediment bed [L]
Approaching flow depth [L]

Length of airfoil collar [L]

Length of sediment deposition [L]

Maximmum scour hole length [L]

Total length of sediment transportation (cm), [L]
Manmng’s coefficient of roughness [—]

Percentage of corrected predicted data within +error lines (%)
Flow discharge [L*T];

Flow Reynolds number, [—]

Pier Reynolds number, [—]

Relative density of sand, [—]

Bed slope [—]

Time [T]

Equilibrium time for the pier with collar [T)
Equilibrum time for pier without collar [T]

Run time for the expeniments of the present study [T]
Dimensionless time, [—]
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U:
Lle
U
Va
¥
W

Pz

)
Toe
Og

Approaching flow velocity [LT]
Critical velocity [LT]

Shear velocity [LT]

Critical shear velocity [LT]
Volume of the deposition, [L*]
Volume of the scour hole, [L]
Width of sediment deposition [L]
Maximum scour hole width [L]
Mass density of sand [ML?]

Mass density of water [ML7]
Average bed shear stress [ML1T?]
Cnitical bed shear stress on the horizontal bed [ML1T?]
Geometric standard deviation [—]
Kinematic viscosity [L*T!]
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Altermative Tree Diagram

Appendix I &

Alternative decision tree for a circular pier with airfoil collars




