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ABSTRACT

A popular configuration for studying complex flow characteristics and local scour
around groups of piers by using piers arranged in tandem configurations or side-by-
side. Alongside factors such as pier spacing and median sediment size, the nose
configurations of piers play a key role in influencing scour patterns, and subsequently,
the flow characteristics around the piers. In this thesis, an experimental investigation
was conducted to analyze the effects of pier nose shape and pier spacing on turbulent
characteristics and scour depths around the piers. Three different shapes namely, round
nose, 60° nose angle, and 90° nose angle piers were placed in both single and tandem
arrangements. In the tandem arrangements, two identical piers were positioned at
center-to-center (C/C) spacings of 3L, 6L, and 9L (where L represents the pier length)
within two different sediment beds: Sand-A (dso = 0.23 mm) and Sand-B (dso = 0.89

mm).

Three-dimensional instantaneous velocity was measured using an Acoustic Doppler
Velocimeter (ADV). From the experiments, it was observed that the magnitude of
turbulent intensity and turbulent kinetic energy between the piers was found to be
higher for smaller center-to-center (C/C) spacing, attributed to increased interference
from the rear pier. The turbulence structure was also influenced by the shape of the pier
as the 90° nose angle piers exhibited the maximum turbulence intensity and turbulent
kinetic energy. The Reynolds Shear Stress value near the bed was higher at the upstream
of front pier. In contrast, at downstream of the pier, an oscillating (positive-negative)

pattern was observed due to flow separation and vortex shedding.

Analyzing the measured scour depths data, it was observed that for a single pier, the
maximum scour depth was 19.61% higher around the round nose pier compared to the
60° nose angle pier, and 5.89% higher compared to the 90° nose angle pier. This
difference was attributed to the comparatively blunter nose of the round nose pier,
which led to an increase in the magnitude of the downflow as well as the formation of
a horse-shoe vortex. The position of maximum scour depths also varied as for round
nose pier; it was formed at the front of the pier. However, for the 60° nose angle and
90° nose angle piers, the maximum scour was observed at the frontal edge. The pier

shape factor was calculated as 0.88 for the round nose pier, 0.73 for the 60° nose angle
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pier, and 0.775 for the 90° nose angle pier. The smaller shape factors for the 60° nose

angle and 90° nose angle piers were a result of their sharp leading edges.

Experimental results also showed that the scour depth around the front pier always
exceeded that around the rear pier. The highest scour depth around the front pier was
recorded for 3 L C/C spacing compared with 6L and 9L C/C spacing attributed to the
increased drag force of the front pier compared with other spacings. Notably, at a 9L
C/C spacing, the scour depth around the front pier closely resembled that of a single
pier configuration. Furthermore, it was observed that regardless of pier shape, the
maximum scour depth was more pronounced for Sand-A in comparison to Sand-B. This
observation was attributed to the formation of an armor layer at the base of the scour
hole in Sand-A, which was influenced due to the accumulation of larger particles within

the scour hole.

Four existing scour depth predicting equations were used to compare predicted and
observed scour depths around piers of different shapes. The results showed that the
predictive equations consistently overpredicted scour depths. Among the four
equations, Lacey's equation exhibited close values to the experimental results compared
to the others. Lastly, a correction factor was introduced for incorporating the spacing
between two piers in the CSU single pier equation, enhancing its ability to predict scour

depths in tandem pier arrangements.

Turbulence characteristics, as observed in the experimental results, were also compared
with Computational Fluid Dynamics (CFD) model using ANSYS software. The
simulated results exhibited patterns of turbulence characteristics similar to the
experimental findings. However, the simulated results consistently overestimated the
normalized streamwise velocity at mid-depth for all pier shapes. Furthermore, in all
cases, the CFD simulations underestimated the normalized turbulent kinetic energy

compared to the experimental findings.

The findings of this study would be helpful in enhancing our understanding of the
effects of pier nose shapes and spacing on turbulent flow characteristics and scour

development around tandem piers.
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CHAPTER 1

INTRODUCTION

1.1 Background

Numerous issues such as sediment transport, riverbed and bank deformation, flooding,
scouring, etc. are associated with flowing water through a watershed, which is critical
in the field of hydraulic engineering (Chavan, 2018). Riverbed deformation around
bridge foundation (e.g., piers and abutments) is caused by the flow hydraulics and
sediment properties. The aggradation and degradation processes of riverbed due to the
flow obstruction leads to scouring around those foundations, has been the subject of

interest for hydraulic engineers over past few decades (Melville, 1975).

One of the major causes of bridge failure is the scouring around bridge piers, which
occurs due to the development of high shear stress caused by flow separation at
boundary layer around pier (Kothyari and Kumar, 2012). So, the prediction of
maximum scour depth around bridge pier is a crucial issue in bridge design. Different
parameters which affect scour depth are: flow properties, pier geometry, pier alignment,
sediment properties, scouring duration, etc. To predict scour depth, several studies have
been conducted around single piers or circular piers in tandem arrangements (Breusers
et al., 1977a; Breusers and Raudkivi, 1991; Kothyari and Kumar, 2012; Zhao et al.,
2022); Basir, 2022). Semi-empirical equations have been developed based on those
studies, most of which over-predict scour depth around bridge piers (Dargahi, 1990a;
Coleman and Melville, 2001; Ataie-Ashtiani et al., 2010). Understanding the complex
turbulent flow field around piers is critical for precise scour depth prediction (Beheshti
et al., 2013). The interaction between approach flow and bridge piers generates various
flow characteristics such as down flow, horse-shoe vortex, wake vortices, and bow
waves resulting a complex flow field around the piers (Vijayasree et al., 2019). The
horseshoe vortex increases the sediment transport capacity of the flow, whereas the
wake vortices keep the sediment in suspension(Keshavarzi et al., 2018). Extensive
research has been conducted to better comprehend the flow field around a single
circular pier. Melville (1975) conducted laboratory experiments to study the mean flow
and turbulence characteristics around a circular pier. He noticed that as the scour hole
developed, the velocity at the bottom of the scour hole decreased. Graf and Istiarto

(2002) investigated the three-dimensional turbulent flow field around a circular pier.
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They observed a robust vortex system termed horseshoe vortex system at the foot

upstream of the pier and a flow reversal downstream towards the water surface.

Recently, pile groups and complex piers becoming popular in bridge design due to
geotechnical and economic considerations (Zhou and Yiu, 2006; Nowrin, 2020;
Zobeyer et al., 2021). Furthermore, rapid urbanization has resulted in the construction
of wider or new bridges near the previous ones, making it even more important to use
a group of piers rather than a single pier. It has been reported that the flow field around
pier groups differs significantly from that of a single pier. For piers in tandem
arrangements, several phenomena, such as sheltering, reinforcement, and shed vortices
occur (C. Hannah, 1978). As a result, applying the results obtained from single circular
piers to pier groups may be challenging. Very few studies have been conducted using
group of circular piers to investigate the effect of pier spacing on scour depth. It was
observed that when the ratio of the spacing between two piers and the pier diameter is
less than 3, the vortex shedding occurred only behind the downstream pier making the
flow pattern similar to a single pier (Shrestha, 2015a). Ataie-Ashtiani and Beheshti
(2006) studied the clear water local scour at circular pile groups. They observed that
scour around the front pier was higher than the rear pier, and maximum scour depth
around the front pier was obtained when the spacing (S/D) between the two piers was

3.

Besides, the flow field around a non-circular pier differs from a circular pier (Vijayasree
et al., 2019). A few researchers have studied the scour depth and flow field around a
single non-circular pier and developed shape factors (ratio of scour depth for non-
circular pier to a circular pier) for different shapes of piers(Al-Shukur and Obeid, 2016;
Fael et al., 2016; Funde et al., 2018; Jalal and Hassan, 2020; Shahhosseini and
Guoliang, 2019; Vijayasree et al., 2019). Vijayasree et al. (2019) investigated the
influence of bridge pier shape on the flow field and scour depth. They observed that
turbulence intensity and scour depth were higher for piers with a blunt frontal edge

(rectangular, circular) than those with sharp frontal edges (sharp nose, lenticular).

Along with experimental investigations, many researchers used Computational Fluid
Dynamics (CFD) simulation, to predict local scour and to analyze the turbulent
characterics around pier. Ghasemi and Soltani-Gerdefaramarzi (2017) performed CFD
simulation using Flow-3D to investigate the scour depth and turbulent characteristics

around single circular piers at different flow rates and observed that Flow-3D
2



underestimated scour depth by 20%-30%, compared to experimental data.SVSNDL
and Kumar (2018) simulated the flow behavoir around bridge pier using ANSYS-CFD
model and used Finite Volume Method (FVM) by k-epsilon and k-omega trubulence

model for analysing turbulent chracteristics.

Though various researchers have done extensive studies to predict local scour to
understand the turbulent flow field around single piers or circular piers in tandem
arrangements, studies around non-circular piers in tandem arrangements are still
lacking. As a result, a laboratory setup was developed in this study to assess the effect
of pier spacing and the pier's nose shape on scour development in tandem arrangements
using two different sediment beds for three different pier nose shapes (round nose, piers

with 60° nose angle and piers with 90° nose angle).
1.2 Objectives of the Study

In this experimental study, piers with different nose shapes will be carried out for
different pier spacing in ent sediment bed conditions (e.g., fine sand and coarse sand).

The specific objectives of this study are:

1. To investigate the effect of pier's nose shapes on maximum scour depths and
propagation of scour patterns for different spacing in fine and coarse
sediment beds.

il. To study the variation of maximum scour depths between experimental data
with available scour depth predicting equations for cylindrical piers and
develop correction factors.

1. To investigate the variations of velocity profile and turbulence parameters
at various locations and along the centerline of the tandem pier

arrangements.
1.3 Scope and Expected Outcome of the Study

The findings of this study will assist in understanding the variations of turbulence
parameters along the centerline of the tandem arrangements and the effect of sediment
size on scour development. The study findings will also help to enhance the current
understanding of the effect of pier nose shapes in tandem arrangements on scour
development. In addition, the experimental results will also help to investigate the
applicability of the existing scour depth predictive equations around piers with different

nose shapes in tandem arrangements.



1.4 Synopsis of Thesis
This thesis contains five chapters. A brief outline of each chapter is as follows:
Chapter 1 contains the study's background, objective, scope and expected outcome.

Chapter 2 concentrates on gathering existing information in the area of local scour. It
also identifies the scientific gaps that need to be filled to achieve this study’s objectives.
This chapter begins with a brief overview of local scour (definition, factors affecting
local scour, and local scour mechanism) followed by turbulence flow field around the
pier. Several widely used scour depth predicting equations, both for a single pier and
tandem pier arrangements, are also discussed in this chapter. Finally, some previous
studies are discussed regarding scour depth and flow field around single non-circular

and circular piers in tandem arrangements.

Chapter 3 contains a details description of the 24 experimental runs carried out in this
study. Details regarding flume preparation, pier geometry, pier spacing, bed materials,
hydraulic conditions, and data collection procedures are presented with appropriate

sketches where necessary.

Chapter 4 describes the analysis of the experimental results. Turbulent flow fields
around the piers in tandem arrangements are analyzed. The effect of pier spacing, the
pier’s nose shape, and bed materials on maximum scour depth and comparing the
experimental data with scour depth predictive equations are discussed. Besides, some

correction factors for different pier’s nose shapes are proposed.

Chapter S presents a summary of the significant findings of this study and makes

recommendations for research.



CHAPTER 2

LITERATURE REVIEW

2.1 General Remarks on Scour

Scour is the removal of sediment particles due to the erosive action of the flowing water.
The removal of the bed materials lowers the bed level and can be attributed to the three-
dimensional flow separation (Garde and Raju, 2000). Due to scouring, the foundation
of structure exposes as it removes the bed materials around the foundations,
consequently, structural collapse may occur. When the flow interacts with the pier, it
creates a horseshoe vortex near the bed upstream of the pier. The horseshoe vortex is
the primary scour-generating flow structure. Trailing vortices and wake vortices are
produced at side and downstream of pier, which also influence the scouring processes

and sediment transportation (Ettema et al., 2011).
2.2 Types of Scour

Scour can be divided into two major types: (i) general scour and (ii) localized scour.

Figure 2.1 represents the classification of scour
2.2.1 General Scour

The general removal of the bed material due to the natural process is termed as general
scour, which contributes to the change in river characteristics. No structural obstruction
is necessary for this scour to occur. General scour can be further classified as short-
term scour and long-term scour. During a single or sequential floods (daily, weekly, or
seasonally), short-term scour occurred. Some examples of short-term scour include
scour at channel confluences, scour at bends, scour arising from a shift in the channel

thalweg, and bedform migration (Coleman and Melville, 2001).

Due to some modification of the watershed and the stream, long-term general scour
occurs over the years and has a relatively 1 long-time scale. Human activities such as
channel alterations, streambed mining, and dam construction contribute to long-term

general scour.
2.2.2 Localized Scour

Contraction scour and local scour combinedly are referred to as localized scour

(Coleman and Melville, 2001). Construction of piers or other hydraulic structures



causes a reduction of the channel flow area, which causes an increase in flow velocity
and shear stress, subsequently increasing the erosive forces. The removal of bed
material from the confined reach will be further triggered in reaction to the mentioned
operations, which may decrease the bed level and continue until an equilibrium state is

reached.

Local scour occurs when an obstruction is introduced into the flow (Coleman, 2005).
Construction of structures such as bridge piers and abutments change the flow pattern,
which causes flow acceleration around the structures, consequently erodes the bed

materials around the structure.

Local scour can be classified as (i) clear water scour and (ii) live bed scour. Figure 2.2

represents local scour as a function of time.
2.2.2.1 Clear Water Scour

In clear water scour, bed material upstream of the structure do not mover, and the net
transported sediment is zero. In the clear-water scour condition, the ratio between the
approach flow velocity and the sediment critical velocity is less than unity (Uo/Uc<1).
Under clear water conditions, bed material is eroded rapidly during the early stages.
Equilibrium scour depth is obtained when the sediment in the scour hole cannot be
removed anymore. When the critical shear stress of the bed material at the bottom of
the scour hole equals the shear stress produced by the horseshoe vortex, equilibrium is
achieved for the clear water scour conditions. Equilibrium scour depth is reached over

several days or even weeks in clearwater conditions (Chiew and Lim, 2000).

| Total Scour |
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Contraction S Local S
J ‘1 | ontraction lccrur | | oca .cour |

L ]
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General Scour

Long Term
General Scour

[ Clear water Scour ] [ Live bed Scour ]

Figure 2.1 Classification of scour (Melville and Coleman, 2000).



2.2.2.2 Live Bed Scour

Live bed scour occurs when bed material is transported from the upstream reach of the
channel. The ratio between the approach flow velocity and the sediment’s critical
velocity is greater than unity (Uo/Uc>1). In the case of live bed scour, the scour hole is
continuously supplied with the sediment transported from upstream reach. When the
rate of sediment supplied into the scour hole equals the rate of sediment transported out

from the scour whole, equilibrium is achieved.

Maximum clear water scour

/ Equilibrium scour depth

7C\___.

i

10%

Live bed scour

Pier scour depth, ds

Clear water scour

Time

Figure 2.2 Local scour around pier as a function of time (Richardson and Davis,
2001).

2.3 Parameters Affecting Scour Depth

Various parameters which affect scour depth are the flow, pier and sediment
characteristics. According to Coleman and Melville (2001), the functional form of scour

depth can be stated as follows:

dg = f{fluid (p,v, g), flow (h, U, ), sediment properties ( Og, dso, Uc),
(2.1)
pier geometry(D*, Ksh, Al)}

where, dg is the scour depth around piers, p is the density of water, v is the kinematic
viscosity of water, g is the gravitational acceleration, h is the depth of flow, U is average

velocity, o is the geometric standard deviation, ds is the median grain size, U is the

critical velocity of the sediment, D" is the effective diameter of the pier, Ks is the pier



shape factor, and Al is the pier alignment factors. Most scour depth estimation

approaches use non-dimensional variables shown by:

ds Uh U h D
{Fr, } (2.2)

- = f Yy e’ 1 o
D* v 'Uc’'D*'dg,” 8
where, Fr is the Froude number, which includes the effect of gravity, UTh is the Reynolds

number that includes the effect of viscosity, oo s the ratio of flow velocity and critical
C

. . h . : o
velocity of the sediment, o 1 the ratio of flow depth and the effective diameter of the

*

. D
pier

.3 is the ratio of the effective diameter of the pier and median particle size, and
50

O is the geometric standard deviation.

Flow shallowness factor (h/D") was used to classify the flow field by Coleman and
Melville (2001). If the flow shallowness factor is greater than 1.4, the pier is referred
to as a narrow pier; in this case, only the effective diameter of the pier affects scour
depth. In the case of an intermediate pier (0.2 <h/D" < 1.4), both pier effective diameter
and water depth affect scour depth. When h/D"<0.2, scour depth is independent of the
water depth only (Coleman and Melville, 2001).

Furthermore, using the flow velocity ratio (U/U¢), scour can be classified as either clear
water scour or live bed scour. When U/U:<1, clear water scour condition exists, and the
upstream sediment bed will not be in motion. The live bed scour conditions occur when
the flow velocity ratio (U/U.) exceeds 1. In this case, sediment will be transported to

the scour hole from upstream(Coleman and Melville, 2001).

Previous studies also suggested that relative coarseness (D"/dso) affects scour depth.
The influence of the median particle size of the sediment is negligible if the value of
the relative coarseness (D*/dso) is greater than 50(Coleman and Melville, 2001). Lee
and Sturm (2009) suggest if D*/dso>100, due to the scaling, sediment size (dso) has a
negligible effect on scour depth.

The effect of sediment non-uniformity or the geometric standard deviation of the

sediment (o) on scour depth can be described in several different ways. A sand is said
to be uniform if (0g) < 1.5 (Lee and Sturm, 2009). Presence of larger particle

significantly reduces scour depth which is called the armoring effect. If the erosive

force increases due to the increased flow intensity, the armoring effect is reduced as
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well as the effect of sediment non uniformity on scour depth is also reduced (Ettema et

al., 2011)

Pier shape factor (Ksn) has a significant effect on scour depth. Many researchers
developed shape factors for calculating scour depth of non-circular piers using the
equations developed for the circular pier. Al-Shukur and Obeid (2016) studied the effect
of pier shape on scour depth using ten different pier shapes. The shape factor for a
circular pier is 1. For rectangular, oblong, elliptical, and sharp nose piers, the shape
factor was 1.11, 0.85, 0.8, and 0.7 respectively. Shahhosseini and Yu (2019)also studied
the effect of pier shape on scour depth in single pier arrangements using three different
shapes of pier and shape factors for oblong, rhombus30 (inner-angle 30°), and

rhombus60 (inner-angle 60°) were obtained as 1, 0.9, and 0.9 respectively.
2.4 Mechanism of Local Scour

The flow hydrodynamics and scour mechanism around a single pier differ significantly
from the flow hydrodynamics around the pier group in tandem or side-by-side
arrangements. Scour mechanisms around the pier group are more complex than single
pier(Ataie-Ashtiani et al., 2010). The details mechanism of scour around single pier and

piers in the tandem arrangement is described below.
2.4.1 Local Scour Mechanism around Single Pier

The flow structure contributing to the formation of scour around a pier has been
described by many researchers (Melville, 1975; Breusers et al., 1977; Dargahi, 1990;
Dey etal., 1995; Ozturk et al., 2008; Ettema et al., 2011). Breusers et al. (1977) identified
several vortices systems: downflow in front of the pier, the horseshoe vortex system, the
near wake vortex system, and the trailing vortex system as being crucial to the creation
of local scour. The combined or separate operation of these systems might result in
scour, depending on the type of pier and the free stream conditions. The horseshoe vortex
is the main contributor to the scouring process caused by the flow separation upstream
of the pier. The Horseshoe vortex moves sediment into the wake region by carrying it
from upstream of the pier, wrapping it around the edges, and combining it with the
incoming flow. The Karman vortex shedding then causes wake vortices to transport
sediment from the wake zone and deposit sediment downstream. Figure 2.3 shows a

schematic diagram of scour process around bridge piers.
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Figure 2.3 Schematic of mechanism contributing to scour (Hannah, 1978)

2.4.1.1 Flow Field at the Upstream Region of Pier

Since the horseshoe vortex controls the local scouring around bridge piers, there has
been a lot of research on the area upstream of the pier. This area of the scouring process
was given a lot of attention as the largest scour depth also occurs at the upstream face
of the pier. At various stages of scour development, Melville (1975) made some
groundbreaking measurements of the velocity, turbulence, shear stress at the bed, and
vortex shedding. He was able to figure out the size of the horseshoe vortex, the
magnitude of the vertical downward flow upstream of the pier, and their relationship to
the rate of scour. A stagnation line forms at the upstream face of the pier for a fully
turbulent flow, with a decreasing pressure moving toward the bed (Sturm, 2001). The
approaching flow velocity profile is much slower closer to the bed, which causes the
pressure gradient to decrease. A horseshoe-shaped vortex forms at the bed around the
pier due to the interaction of the incoming flow and the downstream flow around the
pier. Due to accelerated flow around the pier, scour begins at the sides of the pier and
in the wake before the horseshoe vortex upstream takes control (Kirkil et al., 2008).
When the flow enters the scour hole, the horseshoe vortex becomes more prevalent
(Dey et al., 1995). The horseshoe vortex keeps moving downstream until it is shed to

the side of the scour hole, which increases shear forces and causes sediment to be
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removed (Kirkil et al., 2008). In the region of the primary horseshoe vortex, secondary

vortices are created.
2.4.1.2 Flow Field at the Downstream Region of Pier

The separation of flow at the pier's sides and being carried downstream by the approach
flow form wake vortices. The wake vortices' low-pressure center acts as a "vacuum
cleaner," connecting with the arms of the horseshoe vortex and pulling fluid and
sediment up and out of the pier's wake region, depositing the sediment downstream as
the wake vortices are shed and combine with the flow. The shedding of these Karman
vortices occurs with regularity at a stable state, and the strength of these vortices
depends on the pier shape and fluid velocity. The shed vortices' direction coincides with

sediment deposition from the scour hole.
2.4.2 Local Scour Mechanism around Pier Group

In addition to the mechanism at the single pier, scour at piling groups is aided by four
more processes. According to Hannah (1978) these mechanisms include reinforcing,

sheltering, shed vortices, and compressed horseshoe vortex.

Reinforcing: When two piers are placed very close to each other, the scour hole of the
individual pier overlaps. This overlapping reduces the exit slope and the bed level in
the scour hole around the upstream pier. Thus, the energy required to move the bed
materials is reduced; subsequently, the movement of the bed materials near the
upstream pier is increased. This effect is referred to as the reinforcing effect. When the
distance between two piers is increased or the flow skew angle is increased (from 0° to
90°), the strength of the reinforcing effect is reduced (Hannah, 1978). Figure 2.4 shows
the impact of reinforcement in the scour hole elevation and exit slope for piers in
tandem designs. The solid line represents the exit slope when there is a downstream

pier present, while the dotted line represents the exit slope for a single pier.

Sheltering: Due to sheltering effect scour depth of the downstream pier is reduced. As
the flow hits the upstream pier, the intensity of flow velocity reduces for the
downstream pier. Besides, the bed materials scoured from the upstream pier were
deposited near the downstream pier. By forcing the flow upward in front of the
downstream pier, it weakens the horseshoe vortex. Thus, the horse-shoe vortex's
strength and decreased velocity decrease the downstream pier's scour depth (Hannah,

1978).
11
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Figure 2.4 Schematic diagram showing the reinforcing effect. (Redrawn from
Nazariha (1996)).

Shed vortices: When the vortices generated by the upstream and downstream piers
collide, shed vortices are generated. The materials from the bed are lifted onto a pier
downstream by these vortices. The speed of the shed vortex's convection and the
distance between it and the affected pier have an impact on the strength of this lifting.
The downstream pier is not in the path that the shed vortices trace in a tandem
arrangement. Therefore, compared to staggered designs, the strength of shed vortices

in moving material is lower.

Compressed horseshoe vortex: Each pier will have its own horseshoe vortex, except
when they are situated very closely together or transverse to the flow. The compressed
horseshoe vortex and reinforcing effects are strengthened by the interaction between

the piers (Hannah, 1978).
2.5 Turbulence Parameters
2.5.1 Instantaneous Velocity

The velocity of an object at any specific moment is termed as instantaneous velocity. It
can be considered as the average velocity for a very small time interval. Instantaneous

velocity has two components named time average velocity and fluctuating components.
Instantaneous Velocity = Time average velocity + Fluctuating component.

The three-dimensional instantaneous velocities (u, v and w) in X, y and z direction

respectively can be represented by.
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u=u-+u
v=v+vV (2.3)
w=Ww+

Figure 2.5 schematically shows the time variation of the velocity component in the

streamwise direction (x-direction), denoted by u.

v

Time, 1

Figure 2.5 Time variation of velocity in x direction.

2.5.2 Turbulent Intensity

The standard deviation of the fluctuation in the instantaneous flow velocity over a
flowing fluid's mean average flow velocity can be used to define turbulent intensity. It
represents the degree of flow velocity fluctuation. Turbulence intensity in X, y and z

direction are shown in Eq (2.4).

Turbulent intensity in x direction: u™ = [u’?,
Turbulent intensity in y direction: vt = v’ (2.4)
Turbulent intensity in z direction: w* = _[w’?

2.5.3 Turbulent Kinetic Energy

Turbulent kinetic energy represents the total turbulent intensity of the stream
irrespective of direction. This indicates the mean kinetic energy per unit mass due to
the generated eddy in turbulent flow. Turbulent kinetic energy is measured by the RMS
(root mean square) of the velocity fluctuations. Usually, turbulent kinetic energy is

defined by the following:

13



1
Turbulent kinetic energy: TKE = 2 (u + v +w*) (2.5)

2.5.4 Reynolds Shear Stress

Reynolds shear stresses are related to a stream's ability to transport sediments. It also
indicates the exchange of turbulent momentum between layers of a stream. The
correlations between velocity components parallel to and perpendicular to the
background flow are represented by Reynolds shear stress (RSS). In the case of
isotropic turbulence, this correlation will be disappeared. Reynolds shear stress can be

defined by the following:

Reynolds shear stresses: —pu’v’, —pu’w’ , —pv'w’ (2.6)

2.6 Effect of Pier Spacing on Scour Depth

One of the most important factors affecting the scour characteristics around pier groups
is the spacings (S) between two piers. Keshavarzi et al. (2018)investigated the effect of
pier spacing on scour depth by placing two identical cylinders in tandem arrangements
at various C/C pier spacing (S). The scour at the rear pier is always less than the front
pier due to the sheltering effect. At S/D=1, when two piers touched each other, the
maximum scour depth equaled the scour depth obtained for a single pier. The maximum
scour depth was obtained when the C/C spacing between two piers was 2.5D, and it
was 22% higher compared to the single pier case. With the increase of spacing (S)
between two piers (S/D>2.5), scour depth around the front pier was decreased, and at
S/D>11-12, the scour depth around the front pier was equaled to a single pier. In the
case of a rear pier, the maximum scour depth was obtained when S/D=6.5; with a further
increase of S/D, scour depth decreased. Figure 2.6 shows the effect of pier spacing on
scour depth for two identical piers in tandem arrangement where C/C spacing between

two piers is denoted by L.
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Figure 2.6 Maximum normalized scour depths for different normalized spacing at
the upstream of (a) Front Pier & (b) Rear Pier (Keshavarzi et al., 2018).

2.7 Local Scour Predictive Equations around Pier Group

Various researchers have done numerous studies to estimate scour depth around a single
pier and introduced several equations (Hosseini and Amini, 2015). These equations are
used with some correction for a group of piers, typically assuming an effective diameter
for a group of piers (Salim and Jones, 1998; Sheppard et al., 2004). Colorado State
University Equation (CSU) or HEC-18 equation is the basis for most of the scour depth
predictive equations developed for the pier group. The following section describes
some widely used single-pier scour depth predictive equations, along with correction

procedures for a group of piers.
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2.7.1 HEC-18 Equation for a Single Pier

Federal Highway Administration recommended Colorado State University Equation
(CSU) or HEC-18 equation. This equation is considered the most reliable and widely
used one for calculating scour depth around a single pier. Eq (2.7) represents the CUS

or HEC-18 equation.

Ds 0.65
— = 2.0K;K,K;K, (—) F043 (2.7)
h h
where,
Ds= Scour Depth K3= Dune Factor
h= Flow Depth K4= Correction Factor for Armoring
K= Shape Factor F= Froude Numer

K>= Flow Skew Angle Factor
The correction factors K, K,, and K5 can be obtained from Table 2.1, Table 2.2, and
Table 2.3 respectively.

The bed material size correction factor for armoring (K,) is equal to 1 (K,=1) if dso <
2 mm or dgs <20 mm. The correction factor for flow skew angle can be calculated by
using Eq (2.8). Where, a is the flow skew angle, 1 is the length of the pier and D is the
pier diameter. If I/D is greater than 12, /D is set to 12 for calculation Ko.

Ko=(cosa-sina)" (2.8)

Table 2.1 Pier nose shape correction factor, K; (Richardson and Davis, 2001)

Shape of pier nose K,
Square nose 1.1
Round nose 1.0

Circular cylinder 1.0

Group of cylinders 1.0

Sharp nose 0.9
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Table 2.2 Flow skew angle correction factor, K» (Richardson and Davis, 2001)

Angle /D=4 1/D=8 1/D=12
0 1.0 1.0 1.0
15 1.5 2.0 2.5
30 2.0 2.75 3.5
45 23 33 43
90 1.5 3.9 5.0

Table 2.3 Dune factor, K3 (Richardson and Davis, 2001)

Bed condition Dune height (m) K,

Clear-water scour N/A 1.1

Plane bed & antidune flow N/A 1.1

Small dunes 0.06 <H<3 1.1
Medium dunes 3<H<9 1.1-1.2

Large dunes H=>9 1.3

If the median particle size dso is less then 2 mm or dos <20 mm, K4 which is the
correction factor for armoring is equal to 1. Where is if dso>2 mm or d9s>20 mm, K4 is

calculated by:

Vi_ViCD 50

Ka=0.4 2.9)

VCD50 _ViCDso

Vi is the flow velocity in the upstream of the pier, Vicp is the threshold velocity for
Initiating scour at the pile for the grain size Dx, which can be estimated by:
0.053

D
Vien, = 0.645 (=) Vep, (2.10)

where, Vcpx is the critical velocity that starts the movement of the sediment particle of

size Dx.

The Froude number (F,) can be determined by:

17



Fr=— 2.11
" Ve —
where, U is the approach flow velocity, g is the acceleration due to gravity, and h is the
flow depth.
2.7.2 CSU or HEC-18 Equation for Group of Piers

In order to use the CSU or HEC-18 equation of single pier for pier groups, Federal
Highway Administration introduced effective pier width (D) to replace pier diameter
(D). Using CSU or HEC-18 equation for group of pier, scour depth can be estimated by

the following equation

Ds . 0.65
= 20K K;K5K, (F) F.0% (2.12)

where D* is the effective diameter of the pier group. Other parameters of the Eq (2.12)

have been discussed in the previous article 2.7.1.

Effective width of an equivalent pier group can be calculated by the following equation:
D* = DpKspKm (2.13)

Where,

D* = Effective width of an equivalent full-depth pier

K, = Correction factor for the pier spacing

Kn = Correction factor for the number of piers in line with the flow

Dy, = Sum of non-overlapping projected pier widths onto a plane normal to the flow

direction

The correction factor for pier spacing (Ksp) can be calculated by:

4 1 S\ 06
1<Sp=1—§ 1-5- <1—(5> ) (2.14)

The correction factor for the number of piers in line with the flow (K.,) can be computed

by the following equation
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S S\ 2
K, = 0.9+ 0.1m — 0.0714(m — 1) l2.4 - 1.15 +0.1 (B) l (2.15)

where, m= Number of aligned piers or rows and S is the spacing between two piers.

This applies for pile groups with flow skew angle varying from 0° to 90°. K, increases
with the increase of m, and attained a maximum value for m = 6. For m > 6, K, is

calculated using m = 6.
2.7.3 Correction Factor on CSU or HEC-18 Equation by Ashtiani and Beheshti

To use Eq. (2.12 (CSU or HEC-18) of single pier for pier group, Ataie-Ashtiani and
Beheshti (2006) suggested a correction factor (Ksmn) as follows:

(m) 0.0396

S )0.1153l (2.16)

Ksmp = 1.11
0.5225 —
[(n) (D 1

where, m is the number of piers in-line with the flow, and n is the number of piers
normal to the direction of flow. Multiplying the Eq (2.7) with this correction factor,

scour depth around pier group can be estimated.
2.74 Gao et al. (1993)

A different correction factor for pier spacing was introduced by Gao et al. (1993) for
the equation used for estimating scour depth in China. Clear water scour depth

predictive equation used in Chaina is given by Gao et al. (1993):

v-vk

D; = 0.46KD0y? 1505097 (2.17)

Ve—Ve
where, Ds is the maximum scour depth, Ksn is the pier shape factor, y is the flow depth,
v is the flow velocity and v, is the initial velocity of the local scour.

The correction factor introduced by Gao et al. (1993) is as follows:

Ks= 1+5[f(_5)]2 (2.18)

D

Multiplying the scour depth obtained for single pier by using Eq (2.17) with the factor
obtained from Eq (2.18), scour depth for pier group can be estimated.
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2.7.5 Melville and Coleman (2000)
To estimate the scour depth around a single pier Melville and Coleman (2000)
developed an equation. This equation is defined by:

Ds = K,pKKqKsKqK; (2.19)

where, Dy is the equilibrium scour depth, Kyp denotes flow depth-pier size factor, K;
denotes flow intensity factor, K4 denotes sediment size factor, Ky is the foundation

shape factor, K, denotes foundation alignment factor, and K, for the time factor.

To calculate Kyq, following equation can be used:

( D
2.4D —<0.7
y
D
Kyp =1 2,/yD 0.7 < ; <5 (2.20)
4.5 D>O7
) — .
\ y

where, y denotes flow depth and D is the pier diameter.

The flow intensity factor (K;) is given by:

For uniform sand
U_(Ua_Uc) U_(Ua_Uc)

<1 Us=Uc
U U
K; = ¢ ¢ (2.21)
U-—- (Ua - Uc) .
1 B T—— 1 For non-uniform sand
C
U=U
The sediment size factor (Ky) is given by:
D
1 —>25
K, = d50
d= D D (2.22)
0.57 log (2.24—) — <25
dso dso
The foundation alignment factor (K, ) is given by:
(2.23)
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1 Circular Pier
0.65

Ke=1/1 . . .
(B sin a + cos oc) Non — circular Pier

where, length of the pier is denoted by .

The time factor (Ky) is given by:

U
1 U_c >1
K, = U ty L6 U (2.24)
exp <—0.03 U—Cln (Q) ) U_c <1

where, t, (days) is the development time for the equilibrium scour that is defined by:

4826D<U 004) h>6U>O4
RESTANTI D~ U,
30.89 = (— - 0.04-) (—) =—<6—>04
u\u, D D= "0,

Melville and Coleman (2000) recommended to replace the correction factor K¢ K, in
Eq (2.19) with the values given Table 2.4, for calculating scour depth around pier group

which was only provided for pier groups with single row and double row arrangements.

Table 2.4 Multiplying Factor (Kg K ) for Pier Groups (Melville and Coleman, 2000)

Ks Kq
Type S/D
a<5° 0<5° to 45° 0=90°
2 1.12 1.4 1.2
4 1.12 1.2 1.1
Single row 6 1.07 1.16 1.08
8 1.04 1.12 1.02
10 1.0 1 1
2 1.5 1.8 -
Double row
4 1.35 1.5 -
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2.7.6 Sheppard equation
2.7.6.1 Single pier equation, according to Sheppard

To calculate the scour depth around single pier, Sheppard et al. (2004) developed an

equation for clear water conditions (0.47 <U/Uc < 1).

where, Dy is the equilibrium scour depth.

f; (%), f, (U%) and f3 (dL;o) can be calculated by the following equations:

4 (f) =t [()] )

£, (U%) —1-175 [ln (U%)] (2.28)

o)

— = — 2.29)
d 1.2 0.13 (
Joa(L) 106(2)

dso dso

2.7.6.2 Pier group equation, according to Sheppard

To estimate scour depth around pier groups, Sheppard et al. (2004) introduced effective
width (D) to replace pier diameter (D) in Eq (2.26). Effective width can be calculated

using the following equation.
D* = KnKspKuKsnDp (2.30)

where D* is the effective width, K,;, is the correction factor for the number of piers in-
line with the flow (m), K, is the correction factor for the pier spacing, Ky is the pier
group height adjustment factor, K, is the shape factor, and Dy, is the sum of projected
width (calculated using HEC-18 technique). The pier spacing correction factor (Kgp)

was calculated using Eq. (2.14). The following equation may determine the shape

factor:
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Ksh(pile) - Ksh(pilegroup) S
Ksph = 9 D_ + Ksh(pile)

Pt (2.31)

10
- ? (Ksh(pile) - Ksh(pilegroup))
where Kgp(pile) for circular piers and Kgp pilegroup) for pier groups are both equal to 1.

The following formula can be used to get the correction factor for the number of piers

parallel to the flow:

0.045(m) + 096  |a| <5%m <5
K, =1 1.19 la] < 5%m>5 (2.32)
1 la| > 5°

For the pier group, the height adjustment factor was defined by the following equation:

( H H
1.5tanh{ 0.8 0< <1
Ymax Ymax
H

Ky = 2.33
H= > 1 (2.33)
Ymax
H
0 <0
\ Ymax
D can be estimated by the following equation:
h h < 2KD,Ks,K
D, = > (2.34)
2KsDpKspKpy h > 2K D KspKm

Where, Dsis the maximum scour depth.
2.7.7 Lacey’s Equation

Lacey (1930) introduced the formula for the prediction of the maximum scour depth

around piers show in Eq (2.35)

& =135 ("72)1/3-1 (2.35)

where,

Ds=scour depth
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h = depth of flow
f = silt factor calculated
q = discharge per unit weight

Silt factor f can be calculated by the following equation.

f = 176 xX,/dsg (2.36)

where,
dso = median sediment size in mm.

Maximum scour depth using Lacey’s equation can be computed by the following

formula.
Demax = 1.5%X D (2.37)

where, Dgy,qx IS the maximum scour depth.
2.8 Previous Studies

Due to rapid urbanization, traffic volume is increasing day by day. So, it has become
essential to construct wider bridge or to create new one next to the existing one. This
has led to the pier interreference. Besides, twin piers are favored for safety and
economic consideration (Khaple et al., 2017). Prediction of scour depth around pier
groups is much more complex compare to the single pier. Besides, the shape of the pier
also affects the scour depth significantly. As pier scour is one of the main reasons for
bridge failure around the world. So, for safe and economical design, an accurate

prediction of scour depth around piers is essential.

Elliott and Baker (1985) investigated the effect of pier spacing on scour around bridge
pier in clear water condition. Wooden rectangular piers with semicircular nose were
placed at varying spacing. From their experiments, they concluded that when the
spacing (S/D) between the piers increases up to S/D=2. With further increase in spacing,
scour depth decreases. For S/D>20, the spacing between the pier didn’t affect scour

depth.

Ataie-Ashtiani and Beheshti (2006) investigated local scour around pier groups. They

considered a variety of conditions i.e., spacing, flow rates and sediment grain size. They
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concluded that, scour depth around the upstream pier always exceeds that around at the
downstream pier. Besides, in tandem arrangements, with the increase in spacing,
maximum scour depth increased and reached a maximum value at S/D equals to 2. With
further increase in pier spacing, maximum scour depth decreased and eventually

became equal to that at a single pier.

Ataie-Ashtiani and Aslani-Kordkandi (2013) investigated the flow field around both
single and tandem pier arrangements in fixed bed condition. They observed a decreased
approach velocity near the bed towards the rear pier due to the sheltering effect of the
upstream pier. Compared to the single pier arrangements, the values of turbulent
intensity and turbulent kinetic showed a considerable decrease in the tandem pier
arrangements. In tandem pier arrangements, turbulent intensity and turbulent kinetic

energy was higher near the rear pier than that of the front pier.

Shrestha (2015) investigated the flow interaction and its effect on scour process for two
circular piers in tandem arrangements. They observed the occurrence of vortex
shedding behind the rear pier for S/D < 3. For 2 <S/D <3, he observed stronger
turbulence behind the front pier, and as the spacing increased, he noticed a decrease in

the strength of the turbulence characteristics.

Fael et al. (2016) investigated the effect of pier shape and alignment on the equilibrium
scour depth around single piers. Using five pier shapes, a total of 55 long duration
(minimum 168 h) experimental runs were conducted. From those experiments, shape
factor (ratio of the scour depth around non-circular pier to the scour depth around
circular pier) for rectangular round nose pier, oblong pier, rectangular square nosed pier
and pile group cross section pier were obtained as 1.0, 1.0, 1.2 and 1.2 respectively.
Besides, they concluded that, shape factor doesn’t depend on the duration of the tests

and the effect of pier shape also present in skewed piers.

Al-Shukur and Obeid (2016) conducted several experiments using ten different shapes
of pier in single pier arrangement. In their experiments, they used three different
velocities (0.18, 0.25 and 0.3 m/s). From their experiments, they concluded that, scour
depth increases with increase in velocity. The shape factor for circular, rectangular,
octagonal, chamfered, oblong and sharp nose piers were obtained as 1.0, 1.1, 0.9, 0.98,

0.85 and 0.733 respectively.
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Khaple et al. (2017) investigated the effect of upstream pier on local scour at
downstream pier. He conducted the experiment using multiple circular piers of the same
diameter in three pier configurations at varying spacing (two piers in both tandem and
staggered arrangements and three piers in staggered arrangements). The minimum
duration of each of the experiment was 36h. From those experimental runs, it was found
that in tandem arrangement, scour depth at the downstream pier varies from 0.8 to 0.87
time the scour depth of the single pier. The minimum scour depth at the downstream
pier was obtained when S/D was 8. The scour depth around the upstream pier was
always higher then the downstream pier. For, two piers in staggered arrangement, the

minimum scour depth around the downstream pier was obtained at S/D=4.

Keshavarzi et al. (2018) conducted laboratory experiments to estimate the maximum
scour depth at upstream of front and rear pier for two in-line circular piers. In their
experiments, they placed two cylindrical shaped pier at varying spacing in tandem
arrangements. They concluded that, scour depth at the upstream pier always exceed that
at the downstream pier. The maximum scour depth was obtained at the upstream pier
at S/D=2.5. For S/D>2.5, scour depth around the upstream pier decreased and became

equal to that at a single pier at S/D=10 (approximately).

Funde et al. (2018) conducted several laboratory experiments using three different
shapes of pier to analyze scour depth around single pier. Circular, elliptical and
diamond shape piers were used in their experiment. Besides, they also used two
different sediment sample (dso= 1.18 mm and dso=2.36 mm). The geometric standard
deviation of sand with dso=1.18 mm and dso = 2.36 mm were 1.6 and 2.0, respectively.
Each of the experimental duration was 6h. Those experiments showed that, pier shape
factor for circular, elliptical and diamond shaped piers were obtained as 1.0, 0.77 and
1.19 respectively. Besides, they also concluded that, for sediment with higher geometric

standard deviation had a lower scour depth, for a given flow condition.

Shahhosseini and Guoliang (2019) conducted several experiments to analyze the effect
of pier shape on local scour. In those experiments, piers of four different shapes named
(cylindrical, rhombus with 60° inner angle, rhombus with 30° inner angle and oblong)
were used. The shape factor for cylindrical, rhombus with 60° inner angle, rhombus
with 30° inner angle and oblong piers were obtained as 1.0, 1.0, 0.9 and 0.9,

respectively.
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Vijayasree et al. (2019) performed laboratory experiments to investigate the influence
of bridge pier shape on flow field and scour geometry. Several experiments were carried
out using single piers of oblong, rectangular, trapezoidal, triangular and lenticular
shapes with a common pier’s length to width ratio of 5. The vertical instantaneous
velocity was collected for 180 seconds along the centerline of the flume at several
locations over the flat sand bed using Micro-ADV. From those experiments, they
concluded that, scour formation around the piers with frontal sharp edge (triangular and
lenticular) was less than the others (piers with frontal blunt edge i.e., oblong,
rectangular and trapezoidal) as they sharply bifurcated the flow. They also stated that,
the turbulent intensity at the downstream of the pier was higher than of the upstream of
the pier for all shapes of pier except for lenticular pier (sharpest frontal edge). The
higher turbulent intensity at the upstream of the pier indicated the higher potential for
erosion and suspension, whereas the low intensity indicated the potential for
sedimentation. Besides, turbulent intensity for frontal sharp-edged pier was less than
that of frontal blunt edged pier. In case of Reynolds shear stress (RSS), they concluded
that at the downstream of the frontal blunt edged pier, RSS showed oscillatory nature
due to flow separation and vortex shedding, whereas at the upstream of the pier, the
shear stress was negative due to reversal of the flow. For piers with frontal shape edge,
RSS was almost constant because of sharp leading edge and smooth boundary. They
identified three basic forms of scour that took place around the piers, the first one was
at the upstream of the pier due horse-shoe vortices causing frontal scour, the second
one was at the side of the piers due to flow separation and the last one was at the
downstream of the pier due to vortices and turbulent wakes. Besides, they found that,
along with maximum scour depth, occurrence of location of maximum scour depth
depended on pier geometry. Maximum scour depth around frontal blunt edged piers

was higher than that of frontal sharp edged pier.

Nowrin (2020) carried experimental study to investigate the turbulent flow around a
pair of cylinders placed along the centerline in a rectangular open channel. Cylinders
were placed at various C/C spacings and using ADV. Three-dimensional instantaneous
velocity was collected at several locations. She observed that, upstream cylinder had
great influence on both near and far wake of the downstream cylinder. Additionally, the
recirculation in the midstream’ s near wake is stronger towards the surface than at the

bottom.
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Bento et al. (2021) investigated the flow field around oblong pier both in fixed bed
(before the beginning of the scour) and in eroded bed (at the final stage of experiments)
conditions. According to their investigation, at the upstream region of the pier, the
stream-wise component of the velocity increases with the distance from the bed,
whereas at the downstream of the pier a general increase of stream-wise velocity profile
was observed as the vertical profile moved away from the oblong pier. Immediately at
the upstream of the pier in eroded bed condition, the stream-wise velocity was negative
near the bed due to flow separation and recirculation. Immediately at the downstream
of the pier, alternate negative and positive values of the stream-wise velocity was

observed due to the developed shedding and vortices.

Zobeyer et al. (2021) investigated the impact of the interactions between two tandem
cylindrical piers on mean and turbulent flow characteristics. The experiments were
done in fixed bed condition using two tandem cylindrical piers placed at varying
spacings. Three-dimensional instantaneous velocity was measure using ADV to
analyze the turbulent characteristics around the piers. They concluded that, the flow
recirculation zone between the two piers was larger than that of the downstream of the
rear pier. They observed the increase length of the recirculation zone with increase of
pier spacing. They also observed maximum kinetic energy near the end of the

recirculation zone.

Zhao et al. (2022) performed numerical simulation to analyze the effect of gap in local
scour around two tandem piers. From the numerical simulations, the found that scour

depth around front pier was higher than that of rear pier.

Basir (2022) conducted laboratory experiment to investigate local scour around two
cylinder-shaped piers in tandem arrangements. The experiments were done on two
different sediment bed using two different sizes of cylindrical pier. He found that
maximum scour depths occurred around the larger pier due to greater obstruction to the
flow. He also found that maximum scour depth occurred when the C/C spacing between
the to in-line pier is 2D (S/D=2). Besides he developed a correction factor so that the
CSU equation for predicting scour depth around single pier can be used for two

cylindrical pier placed in tandem arrangements.

Literature review on the previous studies shows that local scour analysis around piers

in tandem arrangements are carried out mainly for cylindrical piers. A very few
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attempts were made to analyse the turbulent flow field around the cylindrical piers in
tandem arrangements. The effect of pier nose shape on flow characteristics were studied
by a few researchers for single pier configuration. Several researchers tried to develop
pier shape factor in single pier arrangements. These studies have increased our
understanding on the effect of pier nose shape on scour depth or the impact of front pier
on rear pier for scour development and the associated turbulent characteristics for
cylindrical piers. There is a lack of understanding in scour development when two in-
line non circular piers are placed at varying spacing. Besides, turbulent flow
characteristics around two non-circular piers in tandem arrangements also need to be
focused. The effect of pier nose shapes in tandem arrangements, along with different
pier spacing and different sediment beds has not been studied yet. Therefore, in this
study, an attempt has been made to develop a laboratory set-up using two piers in
tandem arrangements to investigate the effect of nose shape, spacing and median grain
size on scour development. Besides, the flow characteristics around those arrangements

were also studied
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CHAPTER 3

EXPERIMENTAL SETUP AND METHODOLOGY

3.1 General

The experimental study was conducted in a 21.3 m long recirculating tilting rectangular
flume in the Hydraulics and River Engineering Laboratory of the Department of Water
Resources Engineering, Bangladesh University of Engineering and Technology
(BUET). A total 24 experimental runs were carried out using wooden piers of 13.75 cm
long and 5.5 cm wide with the three different nose shapes (Round Nose, 60° Nose Angle
and 90° Degree Nose Angle). Piers were placed both in single pier arrangement and
two piers in tandem arrangements. For tandem arrangements, two identical piers were
used. A downward-facing Acoustic Doppler Velocimeter (ADV) was used to measure
three-dimensional instantaneous velocity components around the tandem cylinders in
order to examine the turbulence parameters. A point gauge mounted at the top of the
flume was used to measure the scoured bed profile. This chapter describes the

experimental setup and methodology used for the experiments.
3.2 Laboratory Setup
3.2.1 Recirculating Tilting Flume

Recirculating tilting rectangular flume (21.3 m long, 0.76 m wide, and 0.74 m deep)
was used for the experiments (Figure 3.1). The side walls of flume are vertical and
made of clear plexiglass for visual inspection. The bottom of flume is made of steel.
The flume is supported by an elevated steel truss. Water was supplied by external pipes,
and the flume water depth was kept at the desired level. The necessary steps were taken
to avoid any unnecessary leakage in the flume. A tailgate was installed at the end of the
flume, which was used to control the depth of flow and thus the flow velocity. A
reservoir is equipped with the recirculating tilting flume. Water was stored in the
reservoir during the experiment. The reservoir existing facilities can regulate the

reservoir water supply during the experimental runs.
3.2.2 Electromagnetic Flow Meter

An electromagnetic flow meter was used to measure the flow rate through the flume.
As the water passes through the flume, the flow rate is displayed on the digital screen

at the external supply pipeline junction.
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Figure 3.1 Laboratory Flume (21.3 m long, 0.76 m wide, and 0.74 m deep)

3.2.3 Vernier Point Gauge

The scoured bed profile was measured using a Vernier point gauge with a minimum
count of 0.05 mm. At the top of the flume, this Vernier point gauge has been installed
to move in all three directions (longitudinal, transverse, and vertical). Figure 3.2 shows

the photograph of the Vernier point gauge used in the laboratory flume.

Figure 3.2 Vernier point gauge that measures the scour depth
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3.3 Experimental Setup
3.3.1 Flume Modification

Exisitng flume bed was raised by 0.22 m using a wooden structure to conduct the
experiment. Geotextile material was placed on the top of the raised bed to ensure
uniform roughness during experiments. An experimental section (5.0 m x 0.76 m x 0.22
m) was constructed at about 11.0 m downstream from the entrance of the flume to
ensure fully developed flow. The longitudinal slope of the flume bed has been
maintained as 0.00187. Figure 3.3 shows the experimental set up with geotextile
embedded on the top of raised floor. Figure 3.4 shows the full-length flume to the scale.
Other pictures collected during the experiments are shown in Figure A. 1 to Figure A.

2 of Appendix-A.

Figure 3.3 Modification of the flume with geotextile material on top.

Pigr
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Figure 3.4 Flume details with false floor and experimental section.

3.3.2 Pier Characteristics and Dimensions

Piers with three different types of nose shapes were used in this experimental study
named round nose pier, pier with 90° nose angle and pier with 60° nose angle. All those
piers were made of wood with a length (L) of 13.75 cm and width (B) of 5.5 cm. All
the piers were painted to provide a smooth finishing. The width of the pier was chosen
as 5.5 cm to develop shape factor comparing with scour depth data around circular pier
of 5.5cm diameter obtained from Basir’s study (Basir, 2022). And the ratio of the pier
length to pier width (L/B) was chosen as 2.5 based on literature review and considering
the length of the experimental section and pier spacing (Al-Shukur and Obeid, 2016;
Jalal and Hassan, 2020; Shahhosseini and Guoliang, 2019). Besides, according to
Bridge Scour Manual of Florida Department of Transportation, the value of L/B affect
scour depth up to 2, with further increase in the value of L/B, there is no effect on scour

depth.

In this experiment, the ratio of the flume width to pier width was 13.81 which is grater
then 6.5 to avoid wall effect of the flume. The ratio of the flow depth to the pier diameter
was 5.81 which is greater than 3-4 so that the scour depth is independent of the flow
depth (Omara et al., 2019). Figure 3.5 shows the details dimension and shape of the

piers used in these experiments.
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Figure 3.5 Piers with different nose shapes along with dimensions: (a) Round nose

(b) 60° nose angle (c) 90° nose angle
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3.3.3 Bed Materials

In this experiments, two locally available sands of different median particle size named
Sand-A and Sand-B have been used. After sieve analysis the median particle size (dso)
of Sand-A and Sand-B were found as 0.23 mm and 0.89 mm respectively. The
geometric standard deviation (og) of Sand-A and Sand-B were 1.35 and 2.10.

The selection of the bed materials was based on three factors, local availability,
literature review and larger ranger of geometric standard deviation so that the effect of
geometric standard deviation on scour depth can be observed. Rahul and Baldev (2020)
conducted laboratory experiments with three different sediments with median particle
size of 0.23 mm, 0.33 mm and 0.50 mm. Fael et al. (2016) conducted laboratory

experiments to predict local scour with median particle size of 0.86 mm.

Sand is considered uniformly graded if oy < 1.4 (Marsh et al., 2004). Thus, Sand-A

(dso= 0.23mm) is uniformly graded and Sand-B (dso= 0.89mm) is considered non-
uniformly graded. Before conducting each experiment, sand was placed in the

experimental section following standard compaction procedure.

The geometric standard deviation was calculated as shown in Eq (3.1):

dga
. = ’_ (3.1)
& die

where, dg,, and d;¢ can be defined as the grain size of the sample, which is finer by
weight of 84%, and 16%, respectively. Figure 3.6 shows the particle size distribution
curve of Sand-A and Sand-B.

35



Particle Size Distribution Curve of Sand-A
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Figure 3.6 Particle size distribution curve of (a) Sand-A and (b) Sand-B

3.4 Experimental Scenarios

Using three different shapes of pier, experiments were conducted both in single pier
arrangement and tandem pier arrangements on both Sand-A and Sand-B. A total of 24

experiments were conducted in this study. The details of the experimental set up is

shown in Figure 3.7.



Experimental Scenarios
I ! 1
Experiment on Sand-A, dg,=0.23mm Experiment on Sand-B, d;,=0.89mm
Single Pier 4L Tandem Piers Single Pier 4,— Tandem Piers
Round ~ Round " 90" Nose 60" Nose Round Round | 90°Nose | 60" Nose
Nose Nose Angle Angle Nose Nose Angle Angle
90° Nose 3LC/IC 3LCIC 3LC/IC 90° Nose 3LCiC 3LC/IC 3LC/C
Angle Spacing Spacing Spacing Angle Spacing Spacing Spacing
60" Nose 6L C/C 6L C/C 6L C/C 60" Nose 6L C/C 6L C/IC 6L C/C
Angle Spacing Spacing Spacing | Angle Spacing Spacing Spacing
9L C/IC 9L C/C 9L C/C 9L C/C 9L C/C 9L C/C
Spacing Spacing Spacing Spacing Spacing | Spacing
Round Nose Pier -
* All the piers have length, L=13.75 cm & Width, B=5.5 cm | 60° Nose Angle Pier | <>
90° Nose Angle Pier <>

Figure 3.7 All the experimental scenarios of the study

All the experimental setup was arranged in six sets i.e., S1, S2, S3, S4, S5 and S6 (Table
3.1) for the convenience. S1, S2 and S3 consists of experiments on Sand-A with round
nose pier, piers with 60° nose angle and piers with 90° nose angle, respectively.
Whereas S4, S5 and S6 consists of experiments on Sand-B with round nose pier, piers
with 60° nose angle and piers with 90° nose angle, respectively. Each set consists of
four experimental runs (one single pier arrangements and three tandem piers
arrangements with center to center spacing 3L, 6L and 9L, where L is the length of the

pier). In tandem arrangements, two identical piers were used in this study.
3.4.1 Flow Condition during experimental study

Clear water scour condition (Uo/Uc<1) was ensured for all the experimental runs.
Experiments on Sand-A had a flow rate of 0.0625 m*/s and on Sand-B, flow rate was
0.08 m*/s. The flow depth was kept fixed to 32 cm during all the experimental runs.
The hydraulic conditions for each experimental program are presented in Table 3.2.
The approach shear velocity u* was estimated by the methods of Reynolds shear stress
(t = pu?(1 —2%/5) = —pu'w’ ) by Nezu and Nakagawa (1993). They measured
Reynolds shear stress very close to the bed (10% depth from the bed), where 7 is the
total shear stress, ¢ is the distance from the bottom to the point of the maximum
velocity, p is the density of water, u’ and w' are the streamwise and vertical velocity
fluctuations, respectively. The critical shear velocity (u. ) was calculated using the

empirical formula as suggested by Chien and Wan (1983). Reynolds numbers (Re¢) and
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Froude number (F;) were estimated based on the flow depth. The critical velocity of
sediment (Uc) was calculated by the empirical formula provided by Zhang (2007), as
shown in Eq.(3.3):

T = pu?(1—%/p) = —pu'w’ (3.2)
where, T = Total shear stress
o = Distance from the bottom to the point of the maximum velocity
p = Density of water
u'= Streamwise velocity fluctuations

w'= Vertical velocity fluctuations.

0.72

h %™ - 10 +h
Uc = (—) 17.6 %5 Ydso +0.000000605 ——— (3.3)
d50 Y d50

where, Uc= critical velocity of sediment (m/s); h= approach flow depth (m); ys and y
are the unit weight of sand and water, respectively (kN/m?); ds,= median particle size

of the sediment (m).

In this study, approach flow velocity was measured at 2.0 m upstream of the front pier.
Approach shear velocity for Sand-A and Sand-B were calculated as 1.38 cm/s and 1.90
cm/s respectively whereas the critical shear velocity were calculated as 1.4 cm/s and
2.0 cm/s respectively. Approach shear velocity was calculated by Reynolds shear stress
method proposed by Nezu and Nakagawa (1993) and critical shear velocity was
calculated by using equation suggested by Chien and Wan (1983). To calculate the
approach shear velocity and the critical shear velocity Eq (3.2) and Eq (3.3) have been

used.
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Table 3.1 Test scenarios of the experimental study

Pier
Length(
Run | L)and

ID | Width
(B)

Set
No

Pier’s Nose Shape

ciC
Spacing

Sediment
Type

Mean
Particle
SiZE (d 5 o)

Flow
Rate Q

Approach
Flow

Depth (h)

Approach
Flow
Velocity (Up)

(cm)

(mm)

(m?/s)

(m)

(cm/s)

Sl

Round Nose

Single

3L

6L

9L

GO ~J[n|h | | W B —

S2

60° Nose Angle

Single

3L

6L

Sand-A

9L

R

13.75
and

S3

90° Nose Angle

Single

3L

10

6L

9L

0.23

0.0625

55

54

Round Nose

Single

3L
- 6L

9L

S5

60° Nose Angle

Single

3L

6L

Sand-B

9L

S6

90° Nose Angle

Single

3L

M

6L

9L

0.89

0.08

26.1

36.3

The approach shear velocity u* was estimated by the methods of Reynolds shear stress

(t = pu*?(1 —%/5) = —pu’'w’ ) by Nezu and Nakagawa (1993). They measured

Reynolds shear stress very close to the bed (10% depth from the bed), where t is the

total shear stress, ¢ is the distance from the bottom to the point of the maximum

velocity, p is the density of water, u’ and w' are the streamwise and vertical velocity

fluctuations, respectively. The critical shear velocity (u. ) was calculated using the

empirical formula as suggested by Chien and Wan (1983). Reynolds numbers (R¢) and

Froude number (F;) were estimated based on the flow depth. The critical velocity of

sediment (Uc) was calculated by the empirical formula provided by Zhang (2007), as
shown in Eq.(3.3):

T=pu?(1—2%/y) = —pu'wW’

where, T = Total shear stress

o = Distance from the bottom to the point of the maximum velocity

p = Density of water

u'= Streamwise velocity fluctuations

39

(3.2)




w'= Vertical velocity fluctuations.

h 0.14
U =(—) 17.6
¢ \ds

Ys —Y

1
dso + 0.000000605 —

50

0+h
0.72

(3.3)

where, Uc= critical velocity of sediment (m/s); h= approach flow depth (m); ys and y

are the unit weight of sand and water, respectively (kN/m?); dso= median particle size

of the sediment (m).

Table 3.2 Details regarding the experimental study

Set
No.

Pier’s
Nose
Shape

Sediment
type

Approach
flow
velocity
(Uo)

Critical
velocity
of
sediment
(Uo)

Shear
velocity

(u*)

Critical
shear
velocity

(uc”)

Reynolds
number
(Re)

Froude
number

)

(cm/s)

(cm/s)

(cm/s)

(cm/s)

S1

Round
Nose

S2

60°
Nose
Angle

Sand-A

S3

90°
Nose
Angle

26.1

26.54

1.38

1.4

83520

0.147

S4

Round
Nose

S5

60°
Nose
Angle

Sand-B

S6

90°
Nose
Angle

36.3

37.33

1.90

2.0

116160

0.205

Where Uc= critical velocity of sediment (m/s); h= approach flow depth (m); ys and y

are the unit weight of sand and water, respectively (kN/m?); ds,= mean particle size of

the sediment (m).

3.5 Duration of the Run

The maximum local scour depth under clear water scour conditions is attained

asymptotically with time, and as a result, the time to establish equilibrium scour depth

may be indefinite (Breusers et al., 1977b). To fix the duration of each run, a numbers
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of test runs lasting for about 24 hours were conducted to understand the development
of maximum scour depth. Which showed that, around 80% of maximum scour depth
was obtained within first 6 hours. Therefore, considering the number of test runs and
the laboratory facilities, the duration of the each of the experimental run was chosen as
6 hours. Vittal et al. (1994) conducted an experimental investigation around pier groups
for 6 hours. Salim and Jones (1998) tested exposed pile foundations for 4 hours. Other
researchers also (Mia and Nago, 2003; Yanmaz and Altinbilek, 1991) reported similar
duration for experimental runs. Figure 3.8 represents the temporal development of

scour depth during test runs of 24-hour duration.

Temporal Development of Scour Depth around Front Pier (Test

Run)

9

8 —C—0
7
IS ——=0
L6
3
< 5
24
Z .
23 —&—Roun Nose Pier on Sand-A:3L
Q
2, 8 —8— 60 Degree Nose Angle Pier on Sand-A:3L

. 90 Degree Nose Angle Pier on Sand B:3L

0

0 5 10 15 20 25

Time (hours)

Figure 3.8 Temporal development of scour depth during test runs of 24 hour duration.

3.6 Velocity Measurement

Three-dimensional velocity components served as the primary measurement
throughout the experiments. This study used a downward-facing ADV to measure the

velocity components.
3.6.1 Acoustic Doppler Velocimetry (ADV)

Velocimeters are a particular type of high-resolution 3D equipment used to examine
rapid velocity fluctuations in a lab or ocean. These instruments can measure with high

sampling rates in a small point using three or more focused beams. On the basis of the
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Doppler shift effect, measurements are made by determining the velocity of particles in
a remote sampling volume. Figure 3.9 shows the components of the probe. The signal
processing hardware, which handles the signal generation and processing necessary for
the ADV to conduct velocity measurements, is another essential measuring equipment.
Sontek (2001) asserts that the processor generates the electrical signals that are
afterwards converted at the transducers into acoustic energy. In order to determine
velocity, it additionally digitizes the return signal and applies Doppler processing. The
signal processor is protected from accidental water contact by being contained in a
splash-proof casing. ADV mounting must be 5 cm from the volume being sampled to
the transducer's center. To avoid data errors, all acoustic transducers must be submerged

during data collecting.

“Transmit
Transducer

Receive
Transducer

Sampling
Volume

Figure 3.9 Components of Acoustic Doppler Velocimeter Probe (Sontek, 2001)

The Horizon ADV software package was used to collect data using the ADV
instrument. This software can be used to put together ADV systems and display data
files that come from them. For processing of ADV data, WinADV was used.

3.7 Data Acquisition

In each of the experimental run, three-dimensional instantaneous velocity measurement

was done by ADV and scour depth data was collected using vernier point gauge.
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3.7.1 ADYV Data Collection

In tandem pier arrangement, ADV data was collected along the centerline (y/B=0) at 5
sections. Section 1 and Section 2 were at just upstream and downstream of the front
pier. Section 2 was at the middle of the 2 piers and Section 4 and Section 5 were at just
upstream and downstream of the rear pier. ADV data collection points for single pier

and tandem pier arrangements are shown in Figure 3.10 and Figure 3.11 respectively.

Table 3.3 shows the data collection point of the tandem pier arrangement along the
center line. Table 3.4 represents a sample of unfiltered instantaneous velocity data
collected using ADV at a sampling rate S0Hz. Figure 3.12 represents ADV data

processing on Win-ADV software.

In single pier arrangement, ADV data was collected along the centerline (y/B=0) at 3
sections. Section 1 was located at the upstream of the pier and Section 2 and Section 3

were located at the downstream of the pier.

The Cartesian coordinate system (X, y, z) was taken in the streamwise, transverse, and
vertical directions. The origin of the single pier and tandem piers was centered at the

base of the front pier.

y/B
&
> 1 Front Pier 5 3 4 Rear Pier 5
_ |
i x/L
Flow <Cemer Line
Spacing S
(Variable)
(0,0,0)

Figure 3.10: Schematic plan view of ADV data collection Points in the tandem pier
arrangements (along the center line)
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Figure 3.11 Schematic plan view of ADV data collection points for single pier
experiment (along the center line)

Table 3.3 Details of ADV data collection points

Cc/C

Pier’s | Spacing Number . . ) .
Run of Sections Streamwise Location | Sediment
ID Nose | Between Measured (x/L) Type

Shape Two .

Piers(S) sections
1 2 3 4 5

1 Single 3 -0.9 | 0.7 1.7
2 Round 3L 5 -09 | 0.7 1.5 (2.1 |37
3 Nose 6L 5 -0.9 | 0.7 30 |51 |67
4 9L 5 -0.9 | 0.7 45 |81 |97
5 600 Single 3 -09 | 0.7 1.7
6 Nose 3L 5 -0.9 | 0.7 1.5 (21 |37 Sand-A
7 Angle 6L 5 -0.9 | 0.7 30 |51 |67
8 9L 5 -0.9 | 0.7 45 |81 |97
9 90" Single 3 -0.9 | 0.7 1.7
10 3L 5 -0.9 | 0.7 1.5 |21 |37
1 Elfgsfe 6L 5 0907 |30 |51 |67
12 9L 5 -0.9 | 0.7 45 |81 |97
13 Single 3 -0.9 | 0.7 1.7
14 Round 3L 5 -09 | 0.7 1.5 |21 |37
15 Nose 6L 5 -0.9 | 0.7 30 |51 |67
16 9L 5 -0.9 | 0.7 45 |81 |97
17 60° Single 3 -0.9 | 0.7 1.7
18 3L 5 -0.9 | 0.7 1.5 |21 |37
19 Eﬁ;fe 6L 5 10907 |30 |51 |67 |SandB
20 9L 5 -0.9 | 0.7 45 |81 |97
21 0 Single 3 -0.9 | 0.7 1.7
2 | 3L 5 209 (07 |15 |21 [37
23 | Nose 6L 5 0907 [30 |51 |67

Angle
24 9L 5 -0.9 | 0.7 45 |81 |97
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Table 3.4 ADV sample data collection at 50 Hz

Unfiltered ADV Data Sample

Time, seconds Vx Vy Vz Avg COR | Avg SNR
0.01 33.31 5.06 0.7 95 17.9
0.03 33.7 3.92 1.68 95.3 19.1
0.05 34.29 5.56 2.23 96.3 19.9
0.07 36.27 2.73 1.25 96 21.1
0.09 37.76 1.96 3.08 95.7 27.7
0.11 37.04 2.75 2.54 96.3 33.4
0.13 39.61 0.35 0.47 95 32.4
0.15 38.08 -0.22 2.61 95.7 21.9
0.17 39.66 -0.74 3.29 96.7 30.4
0.19 41.04 -0.17 1.85 96 18.9
0.21 42.85 -0.32 1.92 96.3 25.9
0.23 40.82 -0.29 2.35 96 25.1
0.25 40.52 -2.71 2.53 96.3 222
0.27 40.35 -0.34 3.11 96 27.7
0.29 38.81 -0.25 2.8 96.3 33.4
0.31 40.29 -1.45 4.92 93.7 32.6
0.33 39.13 -0.59 2.17 93.7 20.5
0.35 38.02 -0.52 1.94 933 26.6
0.37 39.04 3.02 3.1 95 25.1
0.39 36.68 0.69 4.24 95.3 28.9
0.41 38.26 -2.09 2.62 94.7 22.2
0.43 38.11 -2.27 3.65 95 29.4
0.45 37.35 0.22 3.14 95 26
0.47 38.17 1.61 1.67 95 20.5
0.49 37.58 3.75 1.9 96 26.7
0.51 37.83 2.26 2.72 94.7 20.9
0.53 35.51 -0.78 33 95.3 18.1
0.55 36.13 -0.54 3.44 95 19.1
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Figure 3.12 Processing of ADV data on Win-ADV.

3.7.2 Scour Data Collection

During the experiment, to obtain temporal variation of scour depth both at front and
rear pier, measuring tape was attached and scour depth was recorded at several time
intervals. At the beginning of the experiment, scour data was recorded at 10 minutes
interval for the first hour. 20 minutes intervals were chosen for the remaining 5 hours.
At the end of the experiment, maximum scour depth around the piers and the scour
profile was measured using vertically mounted point gauge. Figure 3.13 shows the
schematic plan view of the scour depth measuring grid (30mm x 30mm) around the

tandem piers. Similarly, the scoured bed profile around the single pier was also

measured.
30mm x 30mm
Rear Pier
) —— i : i % Zan
Flow \\ P et 12 5 N

Figure 3.13 Schematic view of the scour depth measuring grid in tandem
arrangement.

3.8 Experimental Procedure

In this study, as stated earlier total of 24 experimental runs were conducted using both
single pier and tandem pier arrangements. Piers were placed on the test sediment bed

section which was 5m long and 0.76m wide and 0.22m deep. Two types of sediment
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beds were prepared using Sand-A (dso= 0.23 mm) and Sand-B (ds50=0.89 mm). Piers

were placed both in single pier and tandem pier arrangements. In tandem pier

arrangements, two identical piers were used. The schematic diagram of the overall

experimental procedures is shown in Figure 3.14.

Modification of the Flume
Avd
Preparation of Sand Bed

4

Placement of Pier in Experimental Section

4

Adjustment of Water Depth and Discharge

4

Temporal Scour Depth Measurement

A

Velocity Measurement Using ADV

4

Measurement of Scour Depth

Avd
Processing of ADV data on Win-ADV.

Figure 3.14 Schematic diagram of the overall experimental procedures.

The details procedure of each of the experiments are presented below:

R/
A X4

Modification of the Flume: Exisitng flume bed was raised by 0.22 m using a
wooden structure to conduct the experiment. Geotextile material was placed on
the top of the raised bed to ensure uniform roughness during experiments. An
experimental section (5.0 m x 0.76 m x 0.22 m) was constructed at about 11.0
m downstream from the entrance of the flume to ensure fully developed flow.
Preparation of Sand Bed: The experimental section was filled with sand in
layers. In each layer compaction was done to ensure uniform compaction for all
the experimental runs. At the starting of the test section geotextile material was
placed above the sand bed for some distance and then inserted into the sand bed
to prevent washing out of the sand due to incoming flow. The sand bed was
leveled with a straight wooden bar and using the vertically mounted point gauge,
it was ensured that the sand bed was properly leveled.

Placement of the Pier in the Experimental Section: In single pier
arrangement, an individual pier was placed along the centerline of the
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experimental section (at the middle) . In case of tandem pier arrangements two
identical piers were placed along the centerline of the experimental section in
such a manner so that the front pier was located at the middle of the
experimental section. Proper precaution was taken to so that the pier was fully
vertical, which was checked using a level. To avoid unnecessary movement of
the pier due to the action of the flowing water, weight was placed above the
pier. To measure the temporal scour depth, measuring tape was attached with
the pier.

Adjustment of Water Depth and Discharge: At first, the pump placed at the
downstream of the flume was started slowly and the flume was filled with water
to a certain level. Then the main pump was started and the discharge was
increased gradually to achieve desired discharge. Using the tail gate, the design
water level (0.32 m) was achieved.

Temporal Scour Depth Measurement: Throughout the studies, tape fastened
to the pier was used to measure the temporal evolution of scour depth at various
time intervals. For the first 30 minutes, scour depth was measured at 5 minutes
interval. Scour depth was then measured every ten minutes for the following
hour. Following that, scour depth was monitored every 30 minutes.

Velocity Measurement: To avoid the disturbance of the flow due to the pier,
approach flow velocity was measure along the centerline of the channel at 2 m
upstream of the front pier. Using ADV velocity was measured at several vertical
location (9 points) , so that the logarithmic velocity profile can be obtained. To
analyze different turbulence parameters, ADV measurement was done at several
location along the centerline of the channel. In each location, ADV
measurement was done at several vertical location (9 points). At each point, the
duration of the ADV measurement was 2 minutes at 50 Hz so that the turbulence
characteristics can be fully described (Strom and Papanicolaou, 2007).
Measurement of Scour Depth: After the completion of the experimental run,
the flume was fully drained out. The scour depth was measured at different
points shown in Figure 3.13 using vertically mounted point gauge. Besides, the
extent of scour depth in longitudinal and transverse direction were also

measured.
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s Processing of ADV Data on WinADV: Using Win-ADV, the collected ADV

data was processed.
3.9 Uncertainty Analysis

Using 12 sets of ADV data, uncertainty of ADV measurement was computed. These
data were collected at three different vertical depths (z/h=0.2,0.6 and 0.8). At each
point, data was collected for 2 minutes at 50 Hz. Data used for uncertainty analysis was
collected at different day. Table 3.5 shows the uncertainty analysis of the measured
ADYV data. Where, u, v, and w are the velocity components of streamwise, transverse,
and vertical directions, respectively. Tl,, TKE, and RSS is the turbulence intensity in

the streamwise direction, turbulent kinetic energy, and Reynolds shear stress,

respectively.
Table 3.5 Uncertainty analysis of ADV measurements
u v w Tlu TKE RSS
z/h
(cm/s) (cm/s) (cm/s) (cm/s) | (cm%s?) | (cm?/s?)

0.2 +0.36 +0.18 +0.19 +0.06 +0.36 +0.15
0.6 +0.31 +0.05 +0.09 +0.05 +0.22 +0.20
0.8 +0.19 10.21 +0.02 +0.05 +0.13 +0.33
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CHAPTER 4

RESULTS AND DISCUSSIONS
4.1 General

In this study, a total of 24 experimental runs were conducted to investigate the
turbulence parameters and scour characteristics around single piers and two identical
piers in tandem arrangements at varying C/C spacing (3L, 6L and 9L) on two different
sediment bed (Sand-A and Sand-B) using three different shapes of pier (round nose,
pier with 60° nose angle and pier with 90° nose angle). To understand the turbulence
characteristics around piers, ADV data was collected along the centerline at different
locations (both upstream and downstream of piers). Using a vertically mounted point
gauge, scour depth were measured. The details procedure of each experimental scenario
was described in Chapter 3. Obtained results from the experiments are presented in this
chapter which includes the variation of streamwise velocity, turbulence characteristics
(turbulence intensity, turbulence kinetic energy and Reynolds shear stress), temporal
development of scour hole around front and rear pier and effect of pier spacing on
maximum scour depth etc. Besides, a comparison between the obtained maximum scour
depth around the piers, with the widely used maximum scour depth predicting equation
has been presented. Also, pier shape factors (ratio of scour depth around non-circular
pier to the scour depth around circular pier) have been calculated and correction to the
CSU equation (for single circular) pier has been introduced to incorporate the effect of

pier spacing on scour depth for identical piers placed in tandem arrangement.
4.2 Normalized Streamwise Velocity Variations along the Centerline

Using ADV point velocity measurement were conducted at nine different vertical depth
at five and three locations for single pier and tandem pier arrangement respectively
along the centerline. In tandem pier arrangement, two identical piers were placed at 3L,

6L and 9L C/C pier spacing.
4.2.1 Single Pier

Normalized streamwise velocity profile (u/Ug vs z/h) around three different nose shapes
pier on Sand-B (ds=0.89 mm) are plotted in Figure 4.1, which shows that, at Section-
1 (just upstream of the pier) near the bed, streamwise velocity is lowest and with

increase distance from the bed, streamwise velocity increases (logarithmic velocity
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profile). At Section-2 (wake of the pier), maximum velocity occurs at z/h=0.15, then

decreased and became negative due to flow reversal at z/h =0.25-0.35.
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Figure 4.1 Normalized streamwise velocity variation (u/Uo vs z/h) around single pier:
(a) Sand-B (b) Sand-A.
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Shrestha (2015) reported that along the centerline of the flume, at the wake of the pier,
the value of u/Ug decreased as the value of z/h increased. He also noticed that, the value
of u/Uy increased at the wake with increase in the value of x/L which can be observed
at Section-3, where the value of u/Up was higher compare to Section-2. Besides, it can
be observed that negative streamswise velocity component or flow reversal was found
weaker for pier with 60° nose angle. Vijayasree et al. (2019) reported that the weaker
stream wise velocity reversal was observed for pier with sharper nose. At Section-3,
normalized streamwise velocity profile showed similar behavior r as Section-1. Similar

phenomena were also observed for Sand-A bed condition.

4.2.2 Tandem Pier

Figure 4.2 represents the stream wise velocity variation for pier placed in tandem
arrangement. From the data, logarithmi velocity profile was observed at Section-1
(upstream of the front pier). At Section-2 and Section-5 (just downstream of the front
pier and rear pier, respectively), negative streamwise velocity was observed due to flow
reversal. However, at the d/s side of the rear pier a weaker reverse flow was observed
in comparison with that of the front pier due to the sheltering effect of the front pier
which reduced the approach flow velocity for rear pier. Similar results were reported

by Shrestha (2015). The effect of pier shape on this flow reversal was also noticed.
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Figure 4.2 Normalized streamwise velocity variation for piers placed in tandem
arrangements at Sand B (ds0=0.0.89 mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c)
9L C/C Spacing.

In general, the lowest flow reversal was observed for piers with 60° nose angle and
highest flow reversal was observed for piers with 90° nose angle. Besides, the maximum

streamwise velocity at Section-2 and Section-5 occur between z/h=0.10-0.25. At
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Section-4, logarithmic velocity profile was observed. Besides, the magnitude of the
approach velocity towards the rear pier was found smaller compared to the front pier.
This occurred due to the sheltering effect of the upstream pier. The streamwise
normalized velocity variations for other experiments are presented in Figure B. 1 of

Appendix-B.
4.2.3 Maximum Normalized Streamwise Velocity Variation

To investigate the maximum normalized streamwise velocity variation along the

centerline, (u/Uo)max has been plotted against x/L in Figure 4.3.
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S6: Pier with 90 Degree Nose Angel on Sand-B
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Figure 4.3 Maximum normalized streamwise velocity variation along the centerline
on Sand-A (a, b & ¢) and Sand-B (d, e & f).

From these figures it can be observed that, in all scenarios, maximum normalized
streamwise velocity is higher in the upstream of the front pier than that of the
downstream pier. There is a sudden drop in streamwise velocity as the flow passed the
pier (Section-2). Normalized stream wise velocity is then increases up to the mid-
section (Section-3) in all scenarios then decreases. Nowrin (2020) also reported the
similar findings. Besides, at the middle section (Section-3) of the piers placed in tandem
arrangements, streamwise velocity is the lowest in the case of piers placed at 3L C/C
pier spacing compare to the piers placed at 6L and 9L C/C pier spacing. The approach
streamwise velocity to the rear pier is less compared to that of the front pier. This is due
to sheltering effect of the front pier. For almost all cases, lowest approach velocity to
the rear pier was observed for piers placed at 3L C/C pier spacing. At the downstream
of the rear pier, a sudden drop (compare to the upstream) in streamwise velocity was
observed. The general effect of the pier spacing on maximum normalized streamwise

velocity is shown in Table 4.1.
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Table 4.1 Effect of Pier Spacing on Maximum Normalized Streamwise Velocity

(U/UO)max .
Average of the Maximum Normalized Streamwise Velocity
C/C Pier Spacing 3L 6L oL
Section 1 0.94 0.94 0.94
Secition 2 0.43 0.48 0.41
Section 3 0.85 0.94 0.96
Section 4 0.8 0.82 0.83
Section 5 0.45 0.46 0.5

Furthermore, pier nose shape also affected the maximum normalized streamwise
velocity (Figure 4.4 and Table 4.2). Effect of pier nose shape on maximum normalized
streamwise velocity for other experiments are presented in Figure C. 1 of Appendix-
C. At Section-1, averaged maximum normalized streamwise velocity for round nose
pier, pier with 60° nose angle and pier with 90° nose angle were found 0.93, 0.93 and
0.94, respectively. In addition, the drop (difference in velocity between u/s and d/s of
pier) in maximum normalized streamwise velocity at the front pier was also affected by
pier nose shape. Pier with 90° exhibited the highest drop of about 70%. Lowest drop
among the three pier’s nose shape was obtained for pier with 60° nose angle (27.8%).
At Section-3, maximum normalized stream velocity was obtained for both round nose
pier and pier with 60° nose angle. Drop in streamwise velocity at rear pier showed
similar nature as the front pier. At Section-4 (u/s of rear pier), highest of the maximum

normalized stream wise velocity was observed for pier with 60° nose angle.
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6L C/C Spacing on Sand B

L5 =@ Round Nose =@ 60 Degree Nose =@ 90 Degree Nose
r==="i
] |
] |
1 i :
g 0 ]
— ! !
=] ] |
] |
E P
0.5 ' H
] |
] |
] |
] |
] |
0 1 []
2 0 2 4 6 8
x/L
(b)
9L C/C Spacing on Sand B
15 —&— Round Nose —8— 60 Degree Nose =@ 90 Degree Nose
r===1 r===1
] ]
| ]
(I I
5 0 0
—~~ ! !
=] ] ]
] ]
g ] ]
~ 05| H
] ]
] ]
] ]
| ]
| ]
0 [] []
-1 1 3 5 7 9 11
x/L
(c)

Figure 4.4 Effect of pier nose shape on maximum streamwise velocity on Sand-B
(dso=0.89 mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c) 9L C/C Spacing.

Table 4.2 Effect of Pier’s Nose Shape on Maximum Normalized Streamwise Velocity

(U/UO)max .
Average of the Maximum Normalized Streamwise Velocity
Pier's Nose Shape Round 60° 90°
Section 1 0.93 0.93 0.94
Section 2 0.36 0.7 0.28
Section 3 0.91 0.97 0.89
Section 4 0.79 0.86 0.8
Section 5 0.4 0.65 0.33
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4.2.4 Comparison Between Single and Tandem Pier

Figure 4.5 represents the comparison of normalized streamwise velocity between
single and tandem pier arrangements at Section-2. From which it can be observed that,
at Section-2, normalized streamwise velocity was higher when the spacing between the
piers were 3L and 6L. At 9L spacing, normalized streamwise velocity at Section-2

showed almost similar values as single pier scenarios.
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Figure 4.5 Comparison of normalized streamwise velocity at the downstream of the
front pier (Section-2): (a) Sand-A (b) Sand-B.

4.3 Normalized Streamwise Turbulent Intensity Variations along the Centerline

Turbulent intensity is calculated by the root mean square of the fluctuating velocity
components. To calculate, the streamwise, transverse and vertical components of the
turbulent intensity root mean square of the u’, v/, and w' are used. In this study, only

streamwise components of the turbulent intensity analysis are presented.
4.3.1 Single Pier

Figure 4.6 represents the variation of normalized turbulent intensity around single pier.
From which it can be observed that, at Section-1 (u/s of pier) normalized streamwise
turbulent intensity was higher near the bed and decreased towards the surface. At
Section-2 and Section-3 (wake of the pier) normalized turbulent intensity was observed
higher upper levels than at levels close to bed. Among the three sections, turbulence

intensity is maximum at Section-2. Similar results were reported by Shrestha (2015).
4.3.2 Tandem Pier

Figure 4.7 represents the variation of normalized streamwise turbulent intensity around
piers placed in tandem arrangements at 3L C/C spacing on Sand-A. In general,

turbulence intensity was higher at the downstream of the front pier (Section-1 compare
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to the upstream (Section-2), then decreases up to Section-4 (u/s of rear pier) and finally
increases at the downstream of the rear pier. At upstream of the front pier, normalized
streamwise turbulent intensity was higher near the bed and decreases towards the
surface. At the downstream section of the both pier (Section-2 and Section-5),
normalized turbulent intensity was higher near the surface then close to the bed.
Besides, in almost all cases, turbulent intensity at the downstream of the front pier was
higher. The streamwise normalized turbulent intensity variations for other experiments

are presented in Figure D. 1 of Appendix-D.
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Figure 4.6 Normalized streamwise turbulent intensity variation (v u*/Uo vs z/h)
around single pier: (a) Sand-A (b) Sand-B.
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Figure 4.7 Normalized streamwise turbulent intensity variation (v u*/Ug vs z/h) for
piers placed in tandem arrangements at 3. C/C spacing on Sand-B (dso=0.89 mm):
(a) 3L C/C Spacing (b) 6L C/C Spacing (c) 9L C/C Spacing
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4.3.3 Maximum Normalized Streamwise Turbulent Intensity Variation

Maximum normalized streamwise turbulent intensity variation for different pier’s nose
shape and for different pier spacing are shown in Figure 4.8. From which it can be
observed that, at the upstream of the front pier, maximum normalized streamwise
turbulent intensity was almost similar. At Section-2 a sudden jump in turbulent intensity
was found, then the turbulent intensity decreased up to Section-4 and increased again
at the downstream of the rear pier (Section-5). Maximum normalized turbulent intensity

was highest when the piers are placed in tandem arrangements at 3L C/C spacing.
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S6: Pier with 90 Degree Nose Angel on Sand-B
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Figure 4.8 Maximum normalized streamwise turbulent intensity variation along the
centerline on Sand-A (a, b & c¢) and Sand-B (d, e & ).

The effect of pier spacing on maximum normalized streamwise turbulent intensity was
shown in Table 4.3. From this table it can be observed that, pier spacing had no effect
on the average of the maximum turbulent intensity at the upstream of the front pier. In
the midstream (zone between two tandem piers) turbulent intensity decreased with
distance from the front pier. Nowrin (2020) and Shrestha (2015) reported that when the
values of S/D = 6 and 9, normalized turbulent intensity in the midstream region

decreased with increase of x/D (D = diameter of cylindrical pier).

Table 4.3 Effect of pier spacing on maximum normalized turbulent intensity.

Average of the Maximum Normalized Streamwise Turbulent Intensity
C/C Pier Spacing 3L 6L oL
Section 1 0.12 0.12 0.12
Section 2 0.25 0.23 0.21
Section 3 0.23 0.16 0.14
Section 4 0.19 0.15 0.13
Section 5 0.24 0.22 0.24
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The effect of pier’s nose shape on maximum normalized streamwise turbulent intensity
is shown in Figure 4.9 and Table 4.4. Form which it can be observed that, at the
downstream of the front pier in all location, turbulent intensity was the highest for pier
with 90° nose angle and lowest for pier round nose pier. At the upstream of the front
pier, round nose pier shows highest turbulent intensity though the deviation is very
small. At the upstream of the front pier, round nose pier shows highest turbulent
intensity though the deviation is very small. The effect of pier nose shape on maximum

streamwise turbulent intensity for other experiments are presented in Figure E. 1 of

Appendix-E.
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9L C/C Spacing on Sand B
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Figure 4.9 Effect of pier nose shape on maximum turbulent intensity on Sand-B (dso=
0.89 mm): (a) 3L C/C Spacing (b) 6L. C/C Spacing (c¢) 9L C/C Spacing

Table 4.4 Effect of pier’s nose shape on maximum normalized turbulent intensity.

Average of the Maximum Normalized Streamwise Turbulent Intensity
Pier's Nose Shape Round 60° 90°

Section 1 0.122 0.116 0.117

Section 2 0.195 0.217 0.239

Section 3 0.157 0.165 0.183

Section 4 0.142 0.139 0.166

Section 5 0.2 0.212 0.254

4.3.4 Comparison Between Single and Tandem Pier

Figure 4.10 represents the comparison of normalized streamwise turbulent intensity
between single and tandem pier arrangements at Section-2. From which it can be
observed that in general turbulent intensity in tandem pier arrangements were higher
compare to single pier arrangements at 3L C/C spacing. At 9L C/C spacing, turbulent
intensity showed similar values as single pier as the distance between the piers were

higher and effect of the d/s pier in the flow field around the u/s pier was reduced.
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Figure 4.10 Comparison of normalized streamwise turbulent intensity at the
downstream of the front pier (Section-2): (a) Sand-A (b) Sand-B.
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4.4 Normalized Streamwise Turbulent Kinetic Energy (TKE) Variations along

the Centerline

To anaylze the turbulent kinetic energy profile along the centerline of the pier
arrangements, normalized turbulent kinetic energy has been plotted against z/h. In this

study, turbulent kinetick energy (TKE) was normalized by Uo?.
4.4.1 Single Pier

Figure 4.11 represents the normalized turbulent kinetic energy variation along the

centerline around single pier.

For all shapes of pier, at Section-1 (u/s of pier), normalized turbulent kinetic energy
was higher near the bed and decreased towards the surface. At Section-2 (just d/s of
pier), normalized turbulent kintetic energy was smaller near the bed, and with increase
of distance from the bed, normalized turbulent kinetic energy increased for round nose
pier, pier with 60° nose angle and pier with 90° nose angle and reached a maximum
value then decreased. At Section-3, normalized turbulent kinetic energy was smaller
near the bed and near the surface and had very low value compared to other two
sections. In most scenarios, maximum normalized turbulent kinetic energy was
observed at z/h=0.35. Among the three sections, normalized turbulent kinetic energy is

maximum at Section-2 (just d/s of the pier).
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Figure 4.11 Normalized streamwise turbulent kinetic energy variation (TKE/Uy? vs
z/h) around single pier: (a) Sand-A (b) Sand-B.

4.4.2 Tandem Pier

The variation of normalized turbulent kinetic energy around piers placed spacing in
tandem arrangement on Sand-B is shown in Figure 4.12. from which it can be observed
that, turbulent kinetic energy at the upstream of the front piers showed similar behavior
as single pier arrangement. At Section-1 (u/s of the front pier), normalized turbulent
kinetic energy was higher near the bed. With increasing distance from the bed, it
decreased and near the surface it increased a bit. At Section-2 (d/s of front pier),
turbulent kinetic energy was lower near the bed, with increasing distance from the bed,
turbulent kinetic energy increased and reached a maximum value at z/h=0.25 to
z/h=0.35, and then started to decreased. Vertical profile of the turbulent kinetic energy
at the d/s of the front pier was different from the single pier scenarios as turbulent

kinetic energy at the d/s of the single pier was maximum near the surface.

At Section-3, turbulent kinetic energy value was very low compared to other sections
and increased towards the surface from bed. The major difference between Section-2
and Section-3 in vertical profile of turbulent kinetic energy was that the turbulent
kinetic energy at Section-3 was maximum at surface whereas maximum turbulent

kinetic energy was observed between z/h=0.25 to z/h=0.35.
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At Section-4, turbulent kinetic energy increased from Section-3 and maximum
turbulent kinetic energy was observed near the surface. At Section-5, vertical profile of
the turbulent kinetic energy shows similar patters as single pier as the turbulent kinetic
energy increased towards the surface from bed. Similar pattern was also reported by

Ataie-Ashtiani and Aslani-Kordkand (2013) and Shrestha (2015).
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Figure 4.12 Normalized streamwise turbulent kinetic energy variation (TKE/U¢* vs
z/h) for piers placed in tandem arrangements at 3L C/C spacing on Sand-B (ds0=0.89
mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c) 9L C/C Spacing.

The normalized turbulent kinetic energy variations for other experiments are presented
in Figure F. 1 of Appendix-F.
4.4.3 Maximum Normalized Turbulent Kinetic Energy Variation

Figure 4.13 represents the maximum normalized turbulent kinetic energy variation
along the centerline. From which, it can be observed that in almost all the scenarios,
turbulent kinetic energy at Section-1 (u/s of the front pier) were almost similar. Which
indicated that, pier’s nose shape or pier spacing didn’t have much effect on turbulent
kinetic energy at the u/s of the front pier. When the flow passes the pier, there was a
sudden increase in maximum turbulent kinetic energy (at Section-2). For piers placed
at 3L C/C pier spacing, turbulent kinetic energy decreased at Section-3 and increased
at Section-4. At Section-5 (d/s of the rear pier), turbulent kinetic energy was higher than
that of Section-4. For piers placed at 6L and 9L C/C pier spacing, maximum normalized
turbulent kinetic energy decreased up to Section-4 and then increased at Section-5 as

the flow passed the rear pier.
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Figure 4.13 Maximum normalized turbulent kinetic energy variation along the
centerline on Sand-A (a, b & ¢) and Sand-B (d, ¢ & ).

The effect of pier spacing on maximum normalized turbulent kinetic energy is shown
in Table 4.5. From which it can be observed that, turbulent kinetic energy at Section-1
(u/s of front pier) was almost independent of pier spacing. Pier spacing had large effect
on turbulent kinetic energy at Section-2 (d/s of front pier). In the midstream region
(Section-2,3,4 & 5), maximum normalized turbulent kinetic energy decreased when the
C/C spacing between two piers were increased, and the maximum turbulent kinetic
energy was observed for piers placed at 3L C/C pier spacing. Shrestha (2015) also

reported similar findings.

Table 4.5 Effect of pier spacing on maximum normalized turbulent kinetic energy.

Average of the Maximum Normalized Turbulent Kinetic Energy
C/C Pier Spacing 3L 6L oL
Section 1 0.014 0.015 0.015
Section 2 0.096 0.084 0.076
Section 3 0.027 0.021 0.017
Section 4 0.07 0.03 0.022
Section 5 0.105 0.086 0.068

76



The effect of pier’s nose shape on maximum normalized turbulent kinetic energy is
shown in Figure 4.14 and Table 4.6. From which it can be observed that pier’s nose
shape had almost no effect on maximum turbulent kinetic energy at Section-1 (u/s of
front pier). At Section-2 (d/s of front pier), lowest and highest of the maximum
turbulent kinetic energy was observed for round nose pier and pier with 90° nose angle,
respectively. At Section-3 and Section-4, higher maximum normalized turbulent kinetic
energy was observed for pier with 90° nose angle and round nose pier. At Section-5 (d/s
of rear pier), similar effect of the pier’s nose shape on d/s of front pier was found. The
effect of pier nose shape for other experiments are shown in Figure G. 1 of Appendix-

G.
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9L C/C Spacing on Sand B
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Figure 4.14 Effect of pier nose shape on maximum turbulent kinetic energy on Sand-
B (dso= 0.89 mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c¢) 9L C/C Spacing

Table 4.6 Effect of pier’s nose shape on maximum normalized turbulent kinetic

energy.
Average of the Maximum Normalized Turbulent Kinetic Energy
Pier's Nose Shape Round 60° 90°
Section 1 0.015 0.014 0.014
Section 2 0.055 0.081 0.12
Section 3 0.019 0.008 0.039
Section 4 0.035 0.031 0.057
Section 5 0.066 0.075 0.118

4.4.4 Comparison Between Single and Tandem Pier

Figure 4.15 represents the comparison of normalized turbulent kinetic energy between
single and tandem pier arrangements. From which it can be observed that, in general

turbulent kinetic energy was higher when the piers were placed at 3L and 6L C/C
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spacing compare to single pier. When the C/C spacing between the piers were 9L,

normalized turbulent kinetic energy showed almost similar values to single pier.
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Figure 4.15 Comparison of normalized turbulent kinetic energy at the downstream of
the front pier (Section-2): (a) Sand-A (b) Sand-B.
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4.5 Normalized Streamwise Reynolds Shear Stress Variations along the

Centerline

Using only the streamwise and vertical components of velocity variation, Reynolds
shear stress was calculated along the centerline in this study, and they are denoted by
—pu'w’. Normalization of Reynolds shear stress was done by pU,? and plotted against

z/h to evaluate the vertical profile.
4.5.1 Single Pier

Figure 4.16 represents the normalized Reynolds Shear Stress (RSS) variation along the
centerline around single pier. From which it can be observed that at Section-1 (u/s of
pier), RSS had higher magnitude near the bed and was close to zero near the surface.
Near the bed the value of RSS was negative. At Section-2 (just d/s of the pier), RSS
showed oscillatory nature (positive and negative values) which indicates flow
separation and vortex shedding. Chavan (2018) observed that at the downstream of the
pier, RSS fluctuates heavily due to the continuous development of vortex region. At
Section-3 (further d/s of pier), the magnitude of Reynolds shear stress was decreased
compared to Section-2 and the oscillatory nature of shear stress was also observed in
that section. Besides the maximum positive value of RSS was observed at the

downstream section of the pier.
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Figure 4.16 Normalized Reynolds shear stress variation (—u’w’/Uo vs z/h)
around single pier on: (a) Sand-A (b) Sand-B

Among the three sections, the maximum magnitude of the shear stress was observed at
Section-2 (just d/s of the pier) for all nose shapes of pier. Shrestha (2015) reported that

the maximum positive value of RSS was observed at the wake of the pier.
4.5.2 Tandem Pier

Variation of normalized Reynolds shear strees along the centerline of the channel at
different locations, when the piers are placed in tandem on Sand-B shown in Figure

4.17.

At Section-1 (u/s of front pier), negative values of shear stress were observed near the
bed. With increasing distance from the bed, the magnitude of the shear stress decreased
and reached nearly zero values at surface. This negative value near the bed occurs due
to flow reversal. At Section-2 (d/s of front pier), magnitude of the shear stress increased
and an oscillatory nature was observed. This oscillatory nature was observed due to
flow separation and vortex shedding. At Section-3, Reynolds shear stress was almost
zero near the bed and reached a maximum magnitude at z/h=0.1 to z/h=0.15. Near the
surface the value was almost zero. At Section-4 (u/s of the rear pier), negative values

of Reynolds shear stress were observed near the bed due to flow reversal. Vertical
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profiles of Reynolds shear stress at u/s of front and rear pier showed some dissimilarity,
though values were negative near the bed in both cases but for rear pier Reynolds shear
stress attained positive value after a certain distance from the bed (approximately
z/h=0.2). At the u/s of the front pier the value was negative throughout the depth and at
surface it was close to zero. At Section-5 (d/s of rear pier), oscillatory behavior of the
Reynolds shear stress was observed. The Reynolds Shear Stress (RSS) variations for

other experiments are presented in Figure H. 1 of Appendix-H.
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Figure 4.17 Normalized streamwise turbulent kinetic energy variation (TKE/U¢* vs
z/h) for piers placed in tandem arrangements at 3. C/C spacing on Sand-B (ds0=0.89
mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c) 9L C/C Spacing.

4.5.3 Maximum Normalized Reynolds Shear Stress Variation

Figure 4.18 represents the maximum normalized Reynolds shear stress at different
location along the centerline. At Section-1, maximum normalized Reynolds shear stress
didn’t vary much for different piers nose shape or different pier spacing. At Section-2
(d/s of the front pier), a sudden increase in maximum normalized Reynolds shear stress

had been observed for all shapes of pier at all spacings.
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Figure 4.18 Maximum normalized Reynolds shear stress variation along the
centerline on Sand-A (a, b & ¢) and Sand-B (d, e & ).

At Section-3, a sudden decrease in Reynolds shear stress was observed which again
increased at Section-4 in almost all the scenarios. At Section-5, maximum normalized
Reynolds shear stress was higher compare to Section-4 in almost all scenarios except

for piers placed 3L C/C spacing on fine sand.

The effect of pier spacing on maximum normalized Reynolds shear stress is also shown
in Table 4.7. At Sectiom-1, maximum value of the average of the maximum normalized
Reynolds shear stress was observed when the piers were placed at 6L C/C pier spacing
whereas minimum value was observed for 9L C/C pier spacing. Shear stress then

suddenly increased at Section-2 and maximum value observed for 9L C/C pier spacing.
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At Section-3 and Section-4 and Section-5, average of the maximum normalized
Reynolds shear stress was maximum for piers placed at 3L C/C spacing and minimum

for piers placed at 9L C/C spacing.

Table 4.7 Effect of pier spacing on maximum normalized Reynolds shear stress.

Average of the Maximum Normalized Reynolds Shear Stress
C/C Pier Spacing 3L 6L SIL
Section 1 0.0026 0.0033 0.0024
Section 2 0.008 0.0076 0.0089
Section 3 0.0077 0.0047 0.0031
Section 4 0.0089 0.0045 0.0024
Section 5 0.0091 0.0067 0.0052

The effect of pier’s nose shape on maximum normalized Reynolds shear stress is shown
in Figure 4.19 and Table 4.8. From which it can be observed that, at the u/s of the front
pier (Section-1), the average value of the maximum normalized Reynolds shear stress
wasn’t affected by pier’s nose shape. At all other locations, maximum Reynolds shear
stresses were observed for round nose pier and minimum Reynolds shear stresses were
observed for pier with 90° nose angle. The effect of pier nose shape on maximum
normalized Reynolds Shear Stress for other experiments are shown in Figure 1. 1 of

Appendix-1.
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3L C/C Spacing on Sand B
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9L C/C Spacing on Sand B
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Figure 4.19 Effect of pier nose shape on maximum Reynolds Shear Stress on Sand-B
(dso=0.89 mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c) 9L C/C Spacing

Table 4.8 Effect of pier’s nose shape on maximum normalized Reynolds shear stress.

Average of the Maximum Normalized Reynolds Shear Stress

Pier's Nose Shape Round 60° 90°
Section 1 0.0028 0.0028 0.0028
Section 2 0.0064 0.0063 0.005
Section 3 0.0049 0.0046 0.0027
Section 4 0.0076 0.0037 0.0022
Section 5 0.0076 0.0061 0.0032

4.6 Comparison of Turbulent Characteristics between Circular and Non-

circular pier.

Basir (2022) conducted laboratory experiment to investigate the local scour and
turbulence characteristics around circular pier in single and tandem arrangements. A
comparison of tuebulent parameters (dimensional turbulent intensity and dimensional
turbulent kinetic energy) between circular and non-circular pier has been made. Figure

4.20 represents the comparison of streamwise velocity variation between circular and
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non-cirular pier. From which it can be observed that, circular pier experienced higher

flow reversal compare to non-cirular pier

Figure 4.21 represents the comparison between circular and non-circular single piers
placed in both Sand-A and Sand-B. From which it can be observed that at the u/s of the
pier (Section-1), normalized streamwise turbulent intensity was almost similar for all
shapes of pier. Near the bed circular pier showed slightly higher turbulent intensity. At
the d/s of the pier, highest turbulent intensity was observed for circular pier due to
higher magnitude of flow cirulation. Extent of higher turbulent intensity region was

found higher for circular pier.

Figure 4.22 represents the comparison of normalized turbulent kinetic energy between
circular and non-circular pier. From which it can be observed that, at u/s of pier
(Section-1), turbulent kinetic energy showed almost similar values for all shapes of pier.
At the d/s of the pier, circular pier showed highest turbulent kinetic energy. Besides the
extent of the higher turbulent kinetic region was found higher for circular pier. At
Section-3, magnitude of the turbulent kinetic energy was reduced for all shapes of pier,

but the lowest reduction was observed for circular pier.

| ® Circular [ Round Nose L 60 Degree Nose [ ] 90 Degree Nose |

Section 1 Section 2 Section 3
x/L=-0.9 or x/D=-0.9 x/L=0.7 or x/D=0.7 x/L=1.5 or x/D=1.5
®i— 08m@ + 0.8
» 0.7 4@ ¢ 0.7 ¢
0.6 0.6 0.6
®0 0.51% tdoe 0.5 ® *e
=
~. 04 0.4 0.4
N ‘e ‘o @ o4 4o
0.3 0.3
0 ¢ ¢ ¢ o ¢
0.2 0.2 0.2
“« “o *® ¢
L 2] 0.1 [$X ] 0.1 ¢ ¢
[ 2 ¢ » ¢ ®
0 ¢+ o & pl® ] Lt ] 0 K 2
0 0.5 1 0 0.5 1 0 0.5 1
U/Ug U/Ug U/Ug
(a)

89



| [ ] Circular ¢ Round Nose L 60 Degree Nose L] 90 Degree Nose |
Section 1 Section 2 Section 3
x/L=0.9 or x/D=-0.9 _x/L=0.7 or x/D=0.7 x/L=1.5 or x/D=1.5
@ 0.7¢ 0.7 L
0.6 0.6 0.6
® 0.59% 0.5 ® *
=]
~ 04 0.4 0.4
N "w ® ° "
0.3 0.3
L + LR 22
0.2 0.2 0.2
) ¢ o 4 L
o 0.1 o4 «© 0.1 o
99 L ] °
0 4o 0 0 j
0 0.5 1 0 0.5 0 0.5
H/UU U/Uu U/UU

Figure 4.20 Comparison of normalized streamwise velocity between circular and

(b)

non-circular pier: (a) Sand-A (b) Sand-B
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Figure 4.21 Comparison of normalized turbulent intensity between circular and non-
circular pier: (a) Sand-A (b) Sand-B
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Figure 4.22 Comparison of normalized turbulent kinetic energy between circular and

non-circular pier: (a) Sand-A (b) Sand-B.

4.7 Comparison between Computational Fluid Dynamics (CFD) Model and
Observed Data.

In this study, Computational fluid dynamics (CFD) simulation had been conducted for
round nose, pier with 60° nose angle and pier with 90° nose angle placed at 3L C/C

spacing on fixed bed condition using ANSYS (R16.2).

Figure 4.23 represents streamwise velocity variation for two piers in tandem
arrangement placed at 3L C/C spacing. From which it can be observed that velocity at
the u/s of each pier was higher than the d/s of the pier due to flow reversal. In the wake
of the pier streamwise velocity was negative or had very low value. Besides, in the
midstream region, streamwise velocity increased with increased distance from the front
pier and then decreased behind the rear pier. Earlier discussion revealed that similar

findings were also observed for laboratory experiments.

Besides, CFD simulation indicated that the approach flow velocity for the rear pier (just
u/s section of the rear pier) was lowest for 90° nose angle pier and highest for 60° nose
angle pier. From the experiments average normalized streamwise velocity at Section-4
was obtained as 0.648, 0.735, and 0.606 for round nose, 60° nose angle and 90° nose
angle pier respectively.
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Figure 4.23 Streamwise velocity variation around piers placed at 3L C/C spacing: (a)
Round Nose (b) Pier with 60° nose angle and (c) Pier with 90° nose angle.

Figure 4.24 represents the comparison of normalized streamwise velocity between
CFD simulation and experimental observation for round nose pier, pier with 60° nose
angle and 90° nose angle. It can be observed that, CFD simulation and experimental
observation showed similar pattern but there were some differences in magnitude. In
general, CFD simulation showed higher velocity towards the surface compare to the
experimental observation. This higher velocity was more prominent at the downstream
of the pier compared to the upstream. At mid depth (z/h=0.5), at Section-1, Section-2
and Section-5, CFD simulation showed 23.22%, 145.78% and 180.7322% higher
velocity compare to experimental observation for round nose pier. For pier with 60°
nose angle, at Section-1, Section-2, Section-3, Section-4 and Section-5, CFD
simulation showed 15.1%, 118.94%, 18.57%, 8.76% and 76.40% higher velocity
respectively compare to experimental observation. So, it was evident that, at the d/s of
both front and rear pier CFD simulation overestimated normalized streamwise velocity

by higher magnitude compare to other sections.
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Figure 4.24 Comparison of normalized streamwise velocity variation between CFD

simulation and experiments: (a) Round Nose (b) Pier with 60° Nose Angle (c) Pier
with 90° Nose Angle.

Figure 4.25 represents the turbulent kinetic energy variation around two piers placed
in tandem arrangements at 3L C/C spacing. Turbulent kinetic energy at the d/s of both
pier was higher compare to the u/s of the pier and in the midstream region along the
centerline, turbulent kinetic energy decreased with increase distance from the front pier.

Similar findings were obtained in the laboratory experiment as discussed earlier.

Besides it can be observed that pier with 60° nose angle showed different pattern
compare to the other two shape. Turbulent kinetic energy was higher along the
centerline for round nose pier. Higher values of turbulent kinetic energy started to move
to the sides for pier with 90° nose angle, with a further sharp nose of pier (60° nose
angle) much higher turbulent kinetic energy value was observed at both side of the
centerline of the flume. This indicated the increased flow separation for pier with
sharper nose and increased sideward scour rather than frontal scour was observed for

pier with sharper nose.

For round nose, pier with 60° nose angle and pier with 90° nose angle placed at 3L C/C

spacing the values of average turbulent kinetic energy at Section-2 (d/s of the front pier)

from the experiment were found as 0.033, 0.069, and 0.058 respectively. From CFD
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simulation highest turbulent kinetic energy at the d/s of the front pier was found for 60°
nose angle pier. Besides, turbulent kinetic energy at the d/s of the front pier was
observed to be lower than the rear pier in CFD simulation which was also confirmed
by the value of turbulent kinetic energy at the d/s of rear pier found in the experiment
as 0.048,0.071, and 0.061 for round nose, pier with 60° nose angle and pier with 90°

nose angle respectively.

(b)
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Figure 4.25 Turbulent kinetic energy variation around piers placed at 3L C/C
spacing: (a) Round Nose (b) Pier with 60° nose angle and (c) Pier with 90° nose angle.

In Figure 4.26 a comparison of normalized turbulent kinetic energy between CFD
simulation and experimental observations are shown for round nose pier, pier with 60°
nose angle and pier with 90° nose angle. From which it can be observed that, CFD
simulation showed higher magnitude of turbulent kinetic energy compare to the

experimental observations at Section-1.
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Figure 4.26 Comparison of normalized turbulent kinetic energy variation between
CFD simulation and experiments: (a) Round Nose (b) Pier with 60° Nose Angle (c)
Pier with 90° Nose Angle.

Turbulent kinetic energy at the d/s of pier was found higher compare to the u/s of the
pier, both in CFD simulation and experimental observation. At Section-2, Section-3,

Section-4 and Section-5, experimental observation showed 85%, 93.93%, 89.16% and
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90% higher turbulent kinetic energy compare to CFD simulation for round nose pier at

mid depth (z/h=0.5).

For pier with 60° nose angle, experimental observation showed 68.35%, 77.32%,
67.1658% and 58.73% higher turbulent kinetic energy at Section-2, Section-3, Section-

4 and Section-5 respectively compare to the CFD simulation at mid depth (z/h=0.5).
4.8 Temporal Development of Scour Depth

In this study, temporal development of scour depth around front pier was measured in
each experiment. Figure 4.27 represents the temporal development of scour depth
around front pier for round nose piers placed at varying spacing both on Sand-A and
Sand-B. Temporal evolution of other experiments are presented in Figure J. 1 and
Figure J. 2 of Appendix-J. From this figure it can be observed that, temporal
development of scour depth around front pier weren’t affected much by spacing
between pier (when two piers are placed in tandem arrangement). So the pattern of the
temporal development of scour depth around front piers are almost identical in all
spacing. The rate of scour was higher at the beginning, and around 75%-80% of the 6-

h scour depth was achieved within the first hour.
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Figure 4.27 Temporal Development of Scour Depth around Front Piers Placed at
Different Spacing (a) Round Nose Pier on Sand-A (ds0=0.23 mm) (b) Round Nose
Pier on Sand-B (d50=0.89 mm).

4.9 Spatial Variation of Scour Depth around Piers

As discussed in Chapter 3, at the end of each experimental run, final bed elevation was
measured using vertically mounted point gauge. These elevation data were plotted

using Golden Software Surfer.

Figure 4.29 represents the contours of surface elevation around single piers placed on
Sand-B. From which it can be observed that, scour hole around round nose pier and pier
with 90° nose angle was almost circular whereas for pier with 60° nose angle, it was
slightly conical shape. Due to higher flow separation for sharper edge pier (60° angle)
the scour hole got wider further downstream of the front edge of the pier and form a

conical shape hole.

Besides, deposition of sediment at the downstream toe of the pier was observed for
round nose pier, where as for 60° and 90° nose angle pier, a depressed canal like feature
was observed. From CFD simulation, it was observed that for 60° nose angle pier,
higher turbulent kinetic energy occurred at both side of the centerline of the flume,
which kept the scoured sediment in suspension and the incoming flow moved the
sediment towards the downstream. Deposition of sediment occurred outside of this zone
forming a canal shape feature. For round nose pier higher turbulent kinetic energy was

observed at just d/s of the pier along centerline of the flume. But the velocity in this
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zone was very low, so the sediment deposition at the downstream toe of the pier was

observed.
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Figure 4.28 Contours of bed surface elevation around single pier in Sand-B:
(a) Round Nose (b) 60° Nose Angle & (c) 90° Nose Angle.
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Figure 4.29 represents the contours of surface elevation around piers in tandem
arrangements placed at 3L C/C pier spacing on Sand-B. The shape of the scour hole
around the piers were almost similar to the single pier scenarios. Maximum scour depth
around round nose piers were observed at the upstream face of the pier, whereas for
piers with 60° and 90° nose angle, maximum scour depth occurred at side-ward frontal

edge of the pier. Vijayasree et al. (2019) also reported the similar findings.

Besides it can also be observed that the extent of scour hole around the front pier was
larger compared to that of the rear pier. CFD simulation showed the presence of higher
turbulent kinetic energy throughout the mid-stream region for pier with 90° angle
placed at 3L C/C spacing compare to the other two shapes, for that reason a slightly
depressed region along the centerline of the flume extending from the front to the rear

pier was observed for 90° nose angle pier.
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Figure 4.29 Contours of bed surface elevation around tandem piers in Sand-B
(S/L=3): (a) Round Nose (b) 60° Nose Angle & (c) 90° Nose Angle.

With increasing C/C spacing, extent of scour hole around the rear pier increased. Spatial
variation of scour depth for other experiments are presented in Figure K. 1 to Figure

K. 6 of Appendix-K.
4.10 Development of Scour along the Centerline of the Flume

Figure 4.30 represents the development of scour long the centerline of the flume for
round nose piers placed at varying spacing on Sand-A). For other experimental sets, the
bed elevation in the longitudinal direction along the centerline of the flume is presented

in Figure L. 1 to Figure L. 5 of Appendix-L.

From Figure 4.30 it can be observed that, the depth of scour at the upstream side of the
pier was much higher compared to that of the downstream side of the pier. The extent
of scour hole along the centerline of the flume was different around front and rear pier.
The extent was higher near the front pier as the eroded sediment were deposited near

the scour hole of the rear pier.

Besides when the piers were placed at 6L and 9L C/C pier spacing, in the midstream
region (zone between front and rear pier), the bed elevation was higher compared to
that of the non-scoured condition due to the accumulation of the scoured bed material
coming from the front pier region. In almost all the cases, highest elevation in the mid-

stream region were observed for piers placed at 6L spacing.
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Figure 4.30 Development of scour along the centerline of the flume for round nose
pier placed on Sand-A. (a) Single (b) S/L=3 (c) S/L=6 & (d) S/L=9.

Table 4.9 represents the summary of scour extent both in longitudinal and transeverse
direction. From which it can be observed that, for round nose pier longitudinal and
transverse extent of scour hole was dominant, whereas for pier with 60° nose angle,

extent of scour hole in transverse direction was prominent.

Vijayasree et al. (2019) reported that, for sharp nose pier, frontal scour was less
compare to the sides. Higher frontal scour was observed for round nose pier as the scour
was mostly by horse-shoe vortex. For sharp nose pier (60° nose angle and 90° nose
angle), scour was mainly due to the flow separation. Besides, it was also observed that
with the increase of C/C pier spacing, the extent of scour hole increased for rear pier.
At 9L C/C spacing, extent of scour hole around the front pier was almost equal to the

single pier arrangements.
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Table 4.9 Summary of scour hole extent

Extent of scour hole in the Extent of scour hole in the
longitudinal direction (From pier transverse direction (From pier
) face) face)
g S/L Front Pier Rear Pier Front Pier Rear Pier
~ u/s d/s u/s d/s Towar | Towar | Towar | Towar
directi | directi | directi | directi ds ds ds ds
on on on on Right Left Right Left
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
1 0 S |104 N/A - - 8.3 8.3 - -
=
2 Z 3 3 10.12° | 3.925 | 6.625 | N/A 10.25 10.2 3 3.05
o o
3 § ; 6 9925 | 2.125 | 8.425 | N/A 8.25 8.25 6.25 6.25
4 Al 9 9.3 N/A 9.3 N/A 11 11 8.3 8.3
5 L« S 7.5 8.8 - - 6.25 6.3 - -
23
6 <q§ CCIJ% 3 7.1 6.3 5.6 N/A 8.75 8.75 5.75 5.75
7 2 § 6 8.5 8.3 7.5 1.9 9.25 9.2 6.25 6.25
2 B
8 S & 9 10.5 10.6 8.8 3.25 10.2 10.2 8.5 8.5
9 Lo« S 8.6 7.3 - - 10 9.9 - -
R
10 :C) § 3 8.4 8.9 4.8 4.4 9.25 9.25 4.25 6.8
11 2 g 6 8.6 10.4 4.9 4.9 9.75 9.7 6.25 6.25
> .2
12| && 9 |98 g5 |3 6.9 11 11 7 7
13 0 5 S 11 N/A - - 10 10 - -
g g
14 | Z % 3 1105 |NA |77 NA |95 9.3 8.5 8.5
=]
15 2 ; 6 10.3 N/A 10.25 | N/A 9.4 9.5 49 5
16 O 9 11 N/A 9 N/A 9 9 8.9 9.9
17 g S 7.1 2 7 7 - -
(0]
18 é .E 3 5.8 33 5.3 4.1 7 7 6.5 6.5
A 6 |53 |NA |7 NA |67 |67 |69 |69
20 < 9 5 32 5.5 5.2 7 7 7.2 7.2
2L 8 s |67 N/A 9.6 9.6 : ;
» | £8
Z & 3 8.4 5.6 4.1 N/A 9.2 9.2 7.3 7.3
> 2
23 | & 6 |9l 2 8.8 NA |97 9.7 9 9
24 < 9 6.8 0.9 6.9 N/A 9.5 9.5 8.5 8.4

4.11 Effect of Pier’s Nose Shape on Scour Depth

As discussed earlier, all the experiments were conducted for a period of 6-h using three
different pier’s nose shape on Sand-A and Sand-B. From the experiments, it was
observed that, pier’s nose shape significantly affects maximum scour depth. In this
study, piers with round nose showed maximum scour depth whereas piers with 60° nose
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angle showed minimum scour depth. This observation is applicable for both front and
rear pier. Figure 4.31 represents the effect of pier’s nose shape on scour depth on Sand-
A for both front and rear pier. From which it can be observed that, for front piers placed
at single, 3L, 6L and 9L C/C pier spacing arrangements, 6-h maximum scour depth
were 19.61%, 23.64%, 24.03% and 22.33% higher respectively compared to the piers
with 60° nose angle. Whereas for pier with 90° nose angle, 6-h maximum scour depth
were 5.89%, 7.27%, 7.7% and 6.8% higher compared to the 60° nose angle pier for
single, 3L, 6L and 9L C/C pier spacing arrangements respectively.

Front Pier on Sand-A
= Round Nose ® 60 Degree Nose Angle ™ 90 Degree Nose Angle

Observed Scour Depth (cm)
S = N W kA L &N I

Single 3L 6L
Pier Spacing
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H Round Nose B 60 Degree Nose Angle = 90 Degree Nose Angle

g
z
)
A
5
]
@
B
5
g
6L
Pier Spacing
(b)
Figure 4.31 Effect of pier’s nose shape on scour depth on Sand-A: (a) Front Pier &
(b) Rear Pier

For rear pier placed on Sand-A, 6-h maximum scour depth was 39.4%, 32.43% and
32.46% higher for round nose pier compared to 60° nose angle pier placed at 3L, 6L
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and 9L C/C pier spacing respectively, whereas for 90° nose angle, those values were

4.35%, 2.62% and 3.75% respectively.

Figure 4.32 represents the effect of pier’s nose shape on scour depth on Sand-B for
both front and rear pier. From which it can be observed that, for front piers placed at
single, 3L, 6L and 9L C/C pier spacing arrangements, 6-h maximum scour depth were
22.35%, 19.57%, 22.73% and 18.6% higher respectively compared to the piers with 60°
nose angle. Whereas for pier with 90° nose angle, 6-h maximum scour depth were
7.05%, 8.7%, 10.22% and 6.98% higher compared to the 60° nose angle pier for single,
3L, 6L and 9L C/C pier spacing arrangements respectively. For rear pier placed on
Sand-A, 6-h maximum scour depth was 32.81%, 25% and 30.56% higher for round
nose pier compared to 60° nose angle pier placed at 3L, 6L and 9L C/C pier spacing
respectively, whereas for 90° nose angle, those values were 6.25%, 2.78% and 1.39%

respectively.
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Table 4.10 Calculation of pier’s shape factor.

6L
Pier Spacing

(b)

The detail calculation is shown in Table 4.10.

the circular pier of his study was applicable to this study.

Figure 4.32 Effect of pier’s nose shape on scour depth on Sand-B: (a) Front Pier &
(b) Rear Pier

In this study, pier’s shape factor (Ratio of scour depth of any shape of pier to circular
pier) had been developed. Basir (2022) conducted laboratory experiment using the
similar setup used in this study to investigate local scour around circular pier. All the

conditions except pier shape were similar to this study, so scour depth information of

To calculate the pier’s shape factor only single pier arrangement had been considered.

Scour Scour Shape Shape
Pier Shaper Depth (cm) | Depth (cm) | Factor Factor Average
Sand-A Sand-B (Sand-A) | (Sand-B)
Circular Pier 7 5.85 - - -
Round Nose Pier 6.1 52 0.87 0.89 0.88
60 Degree Nose 5.1 425 0.73 0.73 0.73
Angle Pier
90 Degree Nose 5.4 4.55 0.77 0.78 0.775
Angle Pier
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The shape factor for round nose, 60° nose angle and 90° nose angle were found as 0.88,

0.73 and 0.775. Previous studies of Al-Shukur and Obeid (2016) found pier’s shape




factor for oblong (round-nose) and sharp nose pier (similar to pier with 60° and 90° nose

angle) as 0.85 and 0.733 respectively.
4.12 Effect of Pier Spacing on Scour Depth

Along with pier’s nose shape, the spacing between two piers when the piers are placed
in tandem arrangements also affect scour depth around both front and rear pier. Figure
4.33 represents the effect of pier spacing on maximum 6-h scour depth on Sand-A.
From which it can be observed that, for front pier in tandem arrangement scour depth
was higher compared to than that of single pier when the C/C spacing between the piers
are 3L and 6L. Whereas, for 9L C/C pier spacing scour depth around front pier was
almost equal to that of the single pier. Which concludes that, at 9L C/C pier spacing,
front pier in tandem arrangements show almost identical scour depth as single pier
arrangements. And for rear piers, maximum 6-h scour depth increased for almost all the
cases with the increase of C/C pier spacing. Similar phenomenon was observed in both
Sand-A and Sand-B. For round nose pier, placed on Sand-A, maximum 6-h scour depth
around front pier were 11.41%, 5.74% and 3.28% higher compared to that of single pier
at 3L, 6L and 9L C/C pier spacing. Whereas in case of rear pier, maximum 6-h scour
depth were 75.4%, 80.32% and 83.6% of single pier scour depth when the piers were
placed at 3L, 6L and 9L C/C pier spacing.
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S5: Pier with 60 Degree Nose Angle on Sand-B
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Figure 4.33 Effect of pier spacing on maximum 6-h scour depth on Sand-A: (a)
Round Nose Pier (b) Pier with 60° Nose Angle and (c) Pier with 90° Nose Angle and
on Sand-B: (d) Round Nose Pier (e) Pier with 60° Nose Angle and (f) Pier with 90°
Nose Angle

For 60° nose angle pier, placed on Sand-A, maximum 6-h scour depth around front pier
were 7.84%, 1.96% and 0.98% higher compared to that of single pier at 3L, 6L and 9L
C/C pier spacing. Whereas in case of rear pier, maximum 6-h scour depth were 64.7%,
72.54% and 75.5% of single pier scour depth when the piers were placed at 3L, 6L and
9L C/C pier spacing.

For 90° nose angle pier, placed on Sand-A, maximum 6-h scour depth around front pier
were 9.25%, 3.7% and 1.85% higher compared to that of single pier at 3L, 6L and 9L

C/C pier spacing. Whereas in case of rear pier, maximum 6-h scour depth were 63.89%,
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70.37% and 74.1% of single pier scour depth when the piers were placed at 3L, 6L and

9L C/C pier spacing.

Figure 4.34 represents the effect of pier spacing on maximum 6-h scour depth both for

front and rear pier. For front pier, scour depth decreased with the increase of pier

spacing but the rate of decrease was higher initially (up to S/L=6). For rear pier,

maximum 6-h scour depth increased with the increase of C/C pier spacing and the rate

of increase was higher from S/L=3L to S/L=6L compared to S/L=6L to S/L=9L.
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Figure 4.34 Effect of pier spacing on maximum 6-h scour depth (a) Front Pier and

(b) Rear Pier

Rahul and Baldev (2020) also reported that the maximum scour depth around the front

pier was obtained when the C/C spacing between the piers was 3. With further increase

of C/C spacing scour depth around front pier decreased.
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4.13 Effect of Bed Material on Scour Depth

In this experiment, two different sizes of sediment were used named Sand-A
(d50=0.23mm) and Sand-B (ds50=0.89). When the value of the geometric standard
deviation (c¢<1.5), sediment had no effect on scour depth. Sand-A had a geometric
standard deviation of 1.35 whereas, Sand-B had a geometric standard deviation of 2.1
which is greater than 1.5. So, Sand-B had effect on scour depth, and it was observed
that maximum 6-h scour depth on Sand-A was higher in all scenarios compared to that
of the Sand-B due to the accumulation of larger particles near the scour hole in the case
of Sand-B. Which potentially reduces scour depth. This phenomenon is known as
armoring effect. Funde et al. (2018) reported that scour depth would be smaller for

higher geometric standard deviation of the bed material.

Figure 4.35 represents the effect of bed material on scour depth around single pier and
piers in tandem arrangement. In single pier configuration, for round nose, pier with 60°
nose angle and pier with 90° nose angle, maximum 6-h scour depth was 17.3%, 20%

and 18.68% higher in Sand-A compare to Sand-B.

In tandem pier arrangements, when the spacing between the piers was 3L (S/L=3L),
maximum 6-h scour depth around front and rear pier were always higher in Sand-A.
This difference in scour depth in two different types of sediment bed was more
prominent for front pier compared to rear pier. For round nose pier placed at 3L, 6L
and 9L C/C spacing, maximum 6-h scour depth around front pier was 23.6%, 19.44%
and 23.5% higher in Sand-A than that of Sand-B respectively. For pier with 60° nose
angle those values were 19.5%, 18.18% and 19.76% respectively. For pier with 90°

nose angle those values were 18%, 15.5% and 19.55% respectively.

For round nose pier placed at 3L, 6L and 9L C/C spacing, maximum 6-h scour depth
around rear pier was 8.2%, 8.8%% and 8.5% higher in Sand-A than that of Sand-B
respectively. For pier with 60° nose angle those values were 3.1%, 2.7% and 6.9%
respectively. For pier with 90° nose angle those values were 1.5%, 2.7% and 9.6%
respectively. Those values indicates that, the effect of armoring was higher for rear pier
than that of front pier. Besides, armoring effect was most dominant for piers with round

nose.
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Effect of Bed Material on Scour Depth (Single)
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Effect of Bed Material on Scour Depth (S/L=9)
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Figure 4.35 Effect of bed material on maximum 6-h scour depth around (a) Single
Pier, (b) Piers placed at 3L C/C spacing, (c) Piers placed 6L C/C spacing and (d) Piers
placed at 9L C/C spacing.

4.14 Scour Summary

Table 4.11 represents the summary of maximum scour depth around piers in different
configurations. From which it can be observed that, the maximum 6-h scour depth
around front pier is higher than the rear pier, with increase of C/C pier spacing, scour
depth around front pier decreased whereas scour depth around rear pier increased. At
9L C/C spacing, scour depth around front pier was almost similar to that of single pier.
Which indicates that, when the C/C spacing between piers are greater or equal to 9L,
the scour behavior around the front pier is almost identical to single pier and the mutual

interference between the piers, placed in tandem arrangement decreased.

Moreover, in this study, three different pier’s nose shape was used, among them piers

with round nose had greater scour depth compared to other two shapes.
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Table 4.11 Summary of maximum scour depth around front and rear pier.

phg B SL | d | da | do |du/B|do/B d&:/ d(;i/
(cm) (cm) | (cm) | (cm)
1 Single 6.1 1.11 - - -
2 S1 3 68| 46| 1.24] 0.84| 1.12| 0.76
3 6 645| 49| 1.18| 0.9 ] 1.06| 0.81
4 9 63| 51| 1.15] 093] 1.04| 0.84
5 Single 5.1 0.93 - - -
6 3 3 55| 33 1| 06| 1.08] 0.65
7 6 521 371 095| 0.68]| 1.02 | 0.73
8 9 5.15] 385| 094| 0.7| 1.01 | 0.76
9 Single 54 099 | - - =
10 S3 3 59| 345] 1.08| 0.63| 1.1 0.64
11 6 56| 38| 1.02] 0.7] 1.04] 0.71
12 55 9 5.5 4 1] 073 1.02| 0.75
13 i Single 5.2 0.95 - - -
14 s4 3 55| 4.25 1] 0.78] 1.06 | 0.82
15 6 54| 45] 099] 0.82] 1.04| 0.87
16 9 5.1 47] 093] 0.86] 0.99 | 0.91
17 Single 4.25 0.78 - - -
18 S5 3 46| 32| 084 059 1.09| 0.76
19 6 44| 36| 08| 0.66| 1.04| 0.85
20 9 43| 36| 079 0.66| 1.02 | 0.85
21 Single 4.55 0.83 - - -
22 36 3 5| 341 091] 0.62] 1.1] 0.76
23 6 485] 37| 089 0.68 | 1.07| 0.83
24 9 4.6 | 3.65| 0.84| 0.67| 1.02 | 0.82

4.15 Variation of Turbulence Parameters and Scour Depth

Figure 4.36 represents the variation of normalized maximum turbulent intensity and
turbulent kinetic energy along with dimensionless scour depth along the centerline of
the flume for round nose piers on Sand-A at 3L, 6L and 9LC/C spacing. Earlier
discussion reveals that turbulent intensity and turbulent kinetic energy were higher at
the downstream end of the pier compared to the upstream. Whereas, scour depth was
higher at the upstream of the pier compared to the downstream. From Figure 4.36 it
can be observed that maximum normalized turbulent kinetic energy and turbulent
intensity follows similar trends along the centerline of the flume for all runs and

maximum values of normalized maximum turbulent intensity and turbulent kinetic
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energy was observed either at section-2 or section-5 (downstream end of the pier),
whereas scour depth at the upstream of the pier was always higher than that of the
downstream of the pier. Besides, at mid-section (section-3) maximum turbulent
intensity and maximum turbulent kinetic energy both are lower compared to section -2
and scour depth is lowest. For almost all experimental runs, at section-2 and section-3,
the higher scour depth was obtained at which turbulent kinetic energy were observed.
For other experiments, the TI/Uomax and TKE/Uy%max along with scour depths are
presented in Figure M. 1 to Figure M.5 of Appendix-M.
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Figure 4.36 Variation of normalized maximum turbulent intensity and turbulent
kinetic energy alongthe centerline of the flume: (a)S1:3L (b)S1:6L and (c)S1:9L

4.16 Comparison of Observed and Predicted Scour Depth

In this study, three existing scour depth predictive equations named Colorado State
University (CSU) or HEC-18 equation, Melville and Coleman (2000) equation (M&C)
and Sheppard et. al (2004) equation and Lacey equation had been used to calculate
scour depth around single piers and two piers placed at various spacing in tandem

arrangements on both Sand-A and Sand-B.

Figure 4.37 & Figure 4.38 represent the comparison between observed maximum 6-h
scour depth and predicted maximum equilibrium scour depth on Sand-A and Sand-B
respectively. The predicted scour depths are for 5.5 cm single cylindrical piers. It can
be observed that all the scour depth predicting equation over predicted scour depth.
Among the single pier scour depth predicting equations, Lacey’s equation showed

better result.

For Sand-A, the over prediction derived from 2 factors. The 1% one is that the equation
used for scour depth prediction are for cylindrical pier, whereas scour depth for pier
with 60° and 90° nose angle is lower compared to the cylindrical piers. The 2™ factor is
the duration of the run. Each of the experiment was conducted for 6-h duration. The
longer the duration the higher would be the observed scour depth. So, the 6-h maximum

scour depth is always lower than the equilibrium scour depth. In single pier scenarios
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on Sand-A for round nose piers, CSU, M&C, Sheppard et al., and Lacey’s equation
overpredict scour depth by 61.2%, 84.50%, 84.98%, and 39.69% respectively.
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S3: Pier with 90 Degree Nose Angle on Sand-A

12
_10
5 s
g
g“ 6
5
8 4 I I I
5]
2
0
Single M&C  Sheppard Lacey
et al.
Observed Predicted
(©)

Figure 4.37 Comparison of observed maximum 6-h scour depth with predicted
equilibrium scour depth using single pier equation for 5.5 cm cylindrical pier on
Sand-A: (a) Round Nose Pier (b) Pier with 60° Nose Angle & (c) Pier with 90° Nose
Angle
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S5: Pier with 60 Degree Nose Angle on Sand-B
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Figure 4.38 Comparison of observed maximum 6-h scour depth with predicted
equilibrium scour depth using single pier equation for 5.5 cm cylindrical pier on
Sand-B: (a) Round Nose Pier (b) Pier with 60° Nose Angle & (c) Pier with 90° Nose
Angle

For piers with 60° nose angle on Sand-A, CSU, M&C, Sheppard et al., and Lacey’s
equations overpredict scour depth by 92.8456%, 120.68%, 121.26% and 67%
respectively. For piers with 90° nose angle on Sand-A, CSU, M&C, Sheppard et al.,
and Lacey’s equaions overpredict scour depth compared to observed maximum 6-h

scour depth by 82.14%, 108.42%, 57.78% and respectively.
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For Sand-B, the over prediction derived from 3 factors. The 1% two factors were
discussed earlier. The 3™ one is the armoring effect (accumulation of larger particles in
the scour hole). The equation used for equilibrium scour depth prediction does not
incorporate the effect of armoring, but during the experimental run larger particle
accumulation near the scour hole was observed which further reduced observed scour
depth. In single pier scenarios on Sand-B for round nose piers, CSU, M&C, Sheppard
et al.,, and Lacey’s equations overpredict scour depth by 117.972%, 109.569%,
160.698% and 21.17% respectively.

For piers with 60° nose angle on Sand-B, CSU, M&C, Sheppard et al., and Lacey’s
equations overpredict scour depth by 166.969%, 156.414%, 218.971% and 48.25%
respectively. For piers with 90° nose angle on Sand-B, CSU, M&C, Sheppard et al.,
and Lacey’s equations overpredict scour depth compared to observed maximum 6-h

scour depth by 149.111%, 139.507%, 197.64% and 38.48% respectively.
4.17 Development of Correction Factor on CSU Equation

In this study, correction factors to the CSU equation for predicting scour depth around
single pier have been developed.
ds 0.65

D
- = 20K KKK, (E) E%* 4.1)

Equation 4.1 is suggested by the Federal Highway Administration for predicting scour
depth around single pier. This equation is also known as Colorado State University
(CSU) or HEC-18 equation. In this equation, D is the pier diameter, h is the flow depth,
ds is the scour depth, K; is the shape factor, K, is the flow skew angle factor, K3 is the
dune factor, K, is the correction factor for armoring by bed material size, and F,. is the

Froude number.

The shape factor K have been computed earlier where the shape factor for Round Nose,
Pier’s with 60° nose angle and Pier’s with 90° have been computed as 0.88, 0.73 and

0.775 respectively. The diameter of the pier is equivalent to the width of the pier.

To use this equation for the pier groups in a tandem arrangement, spacing between the
pier (S) needs to incorporate into the single pier equation. This has been done by adding
an additional dimensionless parameter (S/L) to the CSU equation. So, the new form of

the CSU equation can be written as
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0.65

ds
- = [2.01{11{21(31{4 (ﬁ> E%*| x

o

Where, S is the C/C spacing between piers, L is the pier length and a is an exponent for

pier spacing (S/L). The value of the exponents a has been calculated by nonlinear

regression analysis using SPSS and obtained as -0.172.

So, the new CSU equation for two piers placed in tandem arrangements at varying

spacing can be written as

0.65

ds
= [2.0K1K2K3K4 (E) E%*

X

<%)—0.17Zl (43)

Figure 4.39 represents the comparison between the observed and predicted scour depth

using the new CSU equation from which it can be observed that all the values lie within

+20% error line.
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Figure 4.39 Comparison of observed and predicted scour depth using the new CSU
equation.
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, three different shapes of pier (round nose pier, pier with 60° nose angle,
and pier with 90° nose angle) were used to investigate the variation of turbulence
parameters along the center-line of the flume and scour development both in single and
tandem pier arrangement. In tandem pier arrangement, two identical piers were placed
in Sand-A (dso = 0.23 mm) and Sand-B (dso = 0.89 mm) at different C/C pier spacing
(3L, 6L, and 9L). The key findings of this study can be summarized as follows:

1. For both single and tandem pier arrangements, the analysis displays the
logarithmic streamwise velocity profiles, with the greatest velocity being
observed at z/h = 0.1-0.15. In addition, flow reversal was seen at Section-2 and
Section-5 of the tandem pier, where it was lowest for the 60° nose angle pier
and nearly identical for both 90° nose angle pier & round nose pier.

2. Atthe u/s of the front pier, normalized streamwise turbulent intensity was higher
near the bed and decreased towards the surface. At the d/s of both front pier and
rear pier normalized streamwise turbulent intensity increased towards the
surface. For all shapes of pier, average of the maximum normalized streamwise
turbulent intensity was highest at Section-2, then decreased up to Section-4 and
again increased at Section-5. Besides lowest streamwise turbulent intensity was
observed for pier with 60° nose angle.

3. Value of the normalized turbulent kinetic energy was higher at the d/s of a pier
compare to the u/s due to strong flow circulation. At the u/s of the front pier its
value was higher near the bed and decreased towards the surface. In the mid-
section its value reaches the lowest. It was also found that, turbulent kinetic
energy and turbulent intensity showed similar pattern in almost all cases.

4. Atthe u/s of the front pier, the values of Reynolds Shear Stress (RSS) had higher
magnitude near the bottom due to flow reversal and close to zero near the
surface. At the d/s of the pier, its showed oscillatory nature due to flow
separation and vortex shedding. In general, round nose pier showed highest

RSS.
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5. Comparison between CFD simulation and experimental observation showed
that in general CFD simulation showed lower turbulent kinetic energy compare
to experimental investigation.

6. Piers with round noses had the highest scour depth, while for 60° nose angles
had the lowest. Frontal scour was more significant for round nose pier, while
side scour was more prominent for piers with 60° and 90° nose angles. The
shape factor for round nose, pier with 60° nose angle and pier with 90° angle
were found as 0.88, 0.73 and 0.775.

7. Scour depth was influenced by the spacing between two piers in tandem
arrangements. For instance, as pier spacing was increased, the front pier's scour
depth reduced while increased for the rear pier. Scour depth around the front
pier was greater in 3L and 6L C/C spacing than in single pier scenarios and was
approximately similar to the single pier at 9L C/C spacing.

8. Scour depth on Sand-A (dso= 0.23 mm) was higher compare to the Sand-B (dso
= 0.89 mm). It was observed that, for Sand-B, heavier particles were
accumulated near the scour hole as the geometric standard deviation of Sand-B
was higher than Sand-A. This accumulation resulted in the decrease of scour
depth.

9. Round nose and 90° nose angle pier had almost circular scour hole at lower
spacing, whereas 60° nose angle pier had slightly conical shape of scour hole.

10. Comparison between the scour depth obtained from the experimental runs with
the existing scour depth predictive equations revealed that all the equations
overpredict scour depth and the overprediction increased for sand with higher
geometric standard deviation.

11. A correction factor to the existing CSU single-pier equation was developed to

predict the scour depths for pier groups in tandem arrangements which can be

0]

The findings of this study can be used for validating computation fluid dynamics (CFD)

written as follows:

ds D\
= [2.01{11(21(31(4 (ﬁ) Fr°'43l X

model, and hence the model can be used for different experimental scenarios by varying

pier spacing, flow depth, sediment size etc.
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5.2 Recommendations for Future Work

1.

In this study only three C/C spacing was used, using a wider range of spacing
at finer interval can be performed to better understand the effect of pier spacing
on scour development.

For understanding the effect of geometric standard deviation on scour depth and
for analyzing the armoring effect, more sediment bed with a wider range of
geometric standard deviation can be used for conduction of laboratory
experiments.

As turbulent parameters vary within a very short distance, collection of three-
dimensional instantaneous velocity components data at finer interval will
provide better understanding regarding flow field around the piers.

The findings of this study can be used for validating computation fluid dynamics
(CFD) model, and hence the model can be used for different experimental

scenarios by varying pier spacing, flow depth, sediment size etc.
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APPENDICES

Appendix-A Pictures Collected During the Experiments.

(b)

Figure A. 1 Placement of pier on sediment bed: (a) Round Nose Pier (b) Pier with 90°
Nose Angle.
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(b)
Figure A. 2 Scour around piers: (a) Sand-A (b) Sand-B.
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Appendix-B Variation of Normalized Streamwise Velocity along the Centerline

90 Degree Nosel
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Figure B. 1 Variation of normalized streamwise velocity component along the
centerline in tandem arrangements on Sand-A (dso = 0.23mm): (a) 3L C/C spacing (b)
6L C/C spacing (c¢) 9L C/C spacing.
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Appendix-C Effect of Pier Nose Shape on Maximum Streamwise Velocity

3L C/C Spacing on Sand A
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Figure C. 1 Effect of pier nose shape on maximum normalized streamwise velocity
on Sand-A (dso= 0.89 mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c) 9L C/C
Spacing.
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Appendix-D Variation of Normalized Streamwise Turbulence Intensity (TIu)

along the Centerline.
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Figure D. 1 Variation of normalized streamwise turbulent intensity along the
centerline in tandem arrangements on Sand-A (dso = 0.23mm): (a) 3L C/C spacing (b)
6L C/C spacing (c) 9L C/C spacing.
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Appendix-E Effect of Pier Nose Shape on Maximum Turbulent Intensity

3L C/C Spacing on Sand A
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Figure E. 1 Effect of pier nose shape on maximum normalized streamwise turbulent
intensity on Sand-A (dso= 0.89 mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c) 9L
C/C Spacing.
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Appendix-F Variation of Normalized Turbulent Kinetic Energy (TKE) along the

Centerline.
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Figure F. 1 Variation of normalized turbulent kinetic energy along the centerline in
tandem arrangements on Sand-A (dso = 0.23mm): (a) 3L C/C spacing (b) 6L C/C
spacing (c) 9L C/C spacing
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Appendix-G Effect of Pier Nose Shape on Maximum Turbulent Kinetic Energy
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Figure G. 1 Effect of pier nose shape on maximum normalized turbulent kinetic
energy on Sand-A (dso= 0.89 mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c¢) 9L

C/C Spacing.
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Appendix-H Variation of Normalized Reynolds Shear Stress (—u'w’) along the

Centerline.
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Figure H. 1 Variation of normalized Reynolds Shear Stress along the centerline in
tandem arrangements on Sand-A (dso = 0.23mm): (a) 3L C/C spacing (b) 6L C/C
spacing (¢) 9L C/C spacing
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Appendix-I Effect of Pier Nose Shape on Maximum Reynolds Shear Stress

3L C/C Spacing on Sand A
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Figure I. 1 Effect of pier nose shape on maximum normalized Reynolds Shear Stress
on Sand-A (dso= 0.89 mm): (a) 3L C/C Spacing (b) 6L C/C Spacing (c) 9L C/C
Spacing.
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Appendix-J] Temporal Development of Scour Depth

Pier with 60° Nose Angle on Sand-A
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Figure J. 1 Temporal development of scour depth around front piers placed at
different spacing (a) pier with 60° Nose Angle on Sand-A (ds¢=0.23 mm) (b) pier with
60° nose angle on Sand-B (dso=0.89 mm).
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Pier with 90° Nose Angle on Sand-A
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Figure J. 2 Temporal development of scour depth around front piers placed at
different spacing (a) Pier with 90° Nose Angle on Sand-A (dso=0.23 mm) (b) pier with
60° nose angle on Sand-B (dso=0.89 mm).
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Appendix-K Contours of Bed Surface Elevation around Single and Tandem Piers

in Sand-A and Sand-B
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Figure K. 1 Contours of bed elevation at the end of run around Round Nose pier in
Sand-A (dso = 0.23mm): (a) Single (b) 3L C/C spacing.
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Figure K. 2 Contours of bed elevation at the end of run around Round Nose pier in
Sand-A (dso = 0.23mm): (a) 6L C/C spacing (b) 9L C/C spacing.
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Figure K. 3 Contours of bed elevation at the end of run around Pier with 60° Nose

Angle in Sand-A (dso = 0.23mm): (a) Single (b) 3L C/C spacing(c) 6L C/C spacing
(d) 9L C/C spacing.
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Figure K. 4 Contours of bed elevation at the end of run around Pier with 90° Nose
Angle in Sand-A (dso = 0.23mm): (a) Single (b) 3L C/C spacing(c) 6L C/C spacing
(d) 9L C/C spacing.
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Figure K. 5 Contours of bed elevation at the end of run in Sand-B (dso = 0.0.89mm):
Round Nose Pier (a) 6L C/C spacing (b) 9L C/C spacing. Pier with 60° Nose Angle
(c) 6L C/C spacing (d) 9L C/C spacing.
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Figure K. 6 Contours of bed elevation at the end of run around Pier with 90° Nose
Angle in Sand-B (dso = 0.0.89mm): (a) 6L C/C spacing (b) 9L C/C spacing.
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Appendix-L Scour along Longitudinal Direction in the Centerline of the Flume
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Figure L. 1 Scour development along longitudinal direction for Pier with 60° Nose
Angle on Sand-A (dso = 0.23mm): (a) Single (b) 3L C/C spacing (¢) 6L C/C spacing
(d) 9L C/C spacing.
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Figure L. 2 Scour development along longitudinal direction for Pier with 90° Nose
Angle on Sand-A (dso = 0.23mm): (a) Single (b) 3L C/C spacing (c) 6L C/C spacing
(d) 9L C/C spacing.
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Figure L. 3 Scour development along longitudinal direction for Round Nose Pier on
Sand-B (dso = 0.89mm): (a) Single (b) 3L C/C spacing (¢) 6L C/C spacing (d) 9L C/C
spacing.
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Figure L. 4 Scour development along longitudinal direction for Pier with 60° Nose
Angle on Sand-B (dso = 0.89mm): (a) Single (b) 3L C/C spacing (c) 6L C/C spacing
(d) 9L C/C spacing.
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Figure L. 5 Scour development along longitudinal direction for Pier with 90° Nose
Angle on Sand-B (dso = 0.89mm): (a) Single (b) 3L C/C spacing (c) 6L C/C spacing
(d) 9L C/C spacing.
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Appendix-M Variation of Maximum Turbulence Intensity and Turbulent Kinetic

Energy along with Scour Depth in the Plane of Symmetry (POS)
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Figure M. 1 Variation of normalized maximum turbulence intensity and turbulent
kinetic energy along with scour depth in the plane of symmetry in Sand-A (dso =
0.23mm) for Pier with 60° Nose Angle: (a) 3L(b) 6L (c) 9L.
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Figure M. 2 Variation of normalized maximum turbulence intensity and turbulent
kinetic energy along with scour depth in the plane of symmetry in Sand-A (dso =
0.23mm) for Pier with 90° Nose Angle: (a) 3L(b) 6L (c) 9L.
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Figure M.3 Variation of normalized maximum turbulence intensity and turbulent
kinetic energy along with scour depth in the plane of symmetry in Sand-B (dso =
0.89mm) for Round Nose Pier: (a) 3L(b) 6L (c) 9L.
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Figure M.4 Variation of normalized maximum turbulence intensity and turbulent
kinetic energy along with scour depth in the plane of symmetry in Sand-B (dso =
0.89mm) for Pier with 60° Nose Angle: (a) 3L(b) 6L (c) 9L.
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Figure M.5 Variation of normalized maximum turbulence intensity and turbulent
kinetic energy along with scour depth in the plane of symmetry in Sand-B (dso =
0.89mm) for Pier with 90° Nose Angle: (a) 3L(b) 6L (c) 9L.
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