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Abstract

Previous studies have shown that local scour around bridge piers and abutments is a
common cause of waterway bridge failures, and around 60% of bridge collapses are due to
this phenomenon. To control and reduce local scour, different engineering methods have
been proposed by the researchers which can be classified into two distinct categories,
including (i) armouring devices, which is a conventional way, and (ii) flow-altering devices.
Armouring devices such as riprap is placed around a pier to armour the riverbed grains
against shear stresses and reduces the local scour. However, riprap layers often fail to
protect bridges during floods because it cannot be stable to withstand the high approaching
stream velocities. The second category is flow-altering devices that change the flow field

around the bridge piers in a manner that reduces the potential for erosion.

In this study, a new flow-altering device named flow diversion structure (FDS) has been
introduced and experimentally examined and optimised. Different criteria were considered
to select the shape of this FDS including diverting streamlines from the vicinity of pier,
creating a relatively wide wake region behind the FDS, and having a low amount of
local scour around itself. Theoretically, by comparison different shapes according to the
above criteria, triangular prism was recognised as a proper shape. The effectiveness of
this innovative countermeasure was examined through a wide-ranging series of
experimental studies. Firstly, a number of preliminary laboratory tests were conducted to
prove whether proposed FDS can reduce the local scour around a circular bridge pier. An
introductory FDS was built with a lateral base of 0.2D, longitudinal base of 0.5D (where D
is the pier diameter), and full-depth (unsubmerged) height. Seven tests were conducted for
situations of a single pier and a single pier plus the FDS, which was installed at six
alternative locations upstream of the pier (namely d/D = 0.5, 1.0, 1.5, 2.0, 2.5 and 3.5,
where d is the clear distance between the pier and FDS). All tests were conducted under
steady state and clear-water scour conditions. After achieving the equilibrium bed
condition, the bed profile was measured, and the maximum scour depth and volume of the
scour hole were determined for each experimental test. In addition, to determine the
influence of the FDS on the flow field upstream of the pier, the velocity components were
measured by an Acoustic Doppler Velocimetry (ADV). Analysis of the results indicated
that the proposed FDS could change both the magnitude and direction of the velocity

components upstream of the pier, and consequently reduce the scour depth around the pier
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up to 38%. Besides, the clear distance between the pier and the FDS affected the

performance of this new countermeasure.

Secondly, to optimise the dimensions of FDS including the lateral base (B), longitudinal
base (L), and height (H), and its clear distance from the upstream face of a circular pier (d),
different FDS dimensions and locations were examined experimentally. Taguchi‘s method,
which is an efficient statistical approach to design experimental tests, was employed here to
determine the parameter combination to minimise the numbers of alternative tests.
Therefore, 27 FDSs were tested to find the optimum size and installation location of the
FDS. An advanced technology of 3-D printing was employed to build accurate physical
models. At the end of each test, to measure the topography of the scoured bed a precise 3-D
scanner was used. Similar to the preliminary tests, these experiments were also conducted in
a steady flow and under clear water scour conditions. However, the hydraulic conditions
were adjusted in such a way to produce almost maximum possible local scour. After
achieving equilibrium condition, the scour hole was scanned, and the maximum scour depth
and the volume of the scour hole were extracted from the 3-D model for each experimental
test. The outcomes clearly demonstrated that the best lateral base, longitudinal base, and
height of FDS were equals to 0.4D, 0.6D, and 0.25y (where y is the water depth),
respectively. Furthermore, the best clear distance between FDS and the pier is
approximately between 1D and 1.5D. In the optimum situation, the scour depth and the

volume of the scour hole around the pier reduced by 40% and 60%, respectively.

Finally, to find out how the optimised FDS affected the flow field around a circular pier, an
experimental study of flow field was conducted using a Particle Image Velocimetry (PIV)
system. All tests were conducted under fixed bed condition with no sediment. The
optimised FDS was installed at the best location upstream of the pier (d/D = 1.5), and the
velocity components were measured at five vertical planes (i.e., Y/D =0, 1, 2, 3 and 4,
where Y is the transverse direction). A similar test was carried out with only a single pier as
a control test. The PIV images, collected during the individual experiments, were processed
to determine the streamwise (u) and vertical (w) velocity components. A code was
developed using MATLAB software to calculate the turbulence characteristics of the flow.
Analysis of the results indicated that the optimised FDS significantly affected the flow field
and changed the complicated vortices systems, including down-flow, horseshoe vortex, and
wake vortex around the pier. Consequently, the pier-scour was significantly reduced by the
substantial changes in the flow field. This novel device is a simple and easy option for

mitigating local scour around the piers supporting existing and new bridges.
XVIII
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1.1. Background

Bridges on waterways are essential structures for transportation. However, every year,
many bridges collapse all over the world. Examples of these collapses are Bishopsford
Road Bridge in England (2019), Nanfang'ao Bridge in Republic of China (2019), Rail
Bridge in Romania (2018), Provincial Road Ksanthi-lasmos at Kompsatos river
crossing in Greece (2017), Pfeiffer Canyon Bridge in the United States (2017), etc. (see

https://en.wikipedia.org/wiki/List_of bridge failures for more information).

Collapse of a bridge causes several problems to the public safety and the transportation
system as well as imposes enormous financial losses and environmental damages. In
addition, it may destroy the reputation of bridge asset management authorities.
Accordingly, a key desire would be to reduce the risk of waterway bridge collapse. To
achieve this desire, reasons for waterway bridge collapses should be well-understood.
While several studies conducted on the various reasons that led to collapse of bridges
are discussed in the literature analysis presented later, it is necessary to overview these

studies in discussing the problem investigated herein.

The following section provides a brief description of the main causes of waterway

bridge failure.

1.2. Problem Statement

While there are many causes of bridge collapse, a common theme in studies
investigating bridge collapses is local scour of the bridge piers. Smith (1976), Wardhana
& Hadipriono (2003), Lagasse et al. (2007) report scour induced collapses as being
between 45% and 60%. Therefore, it is identified that an appropriate answer to the
question, how can we stop waterway bridges collapsing?, would be finding an effective

and eco-friendly way to control local scour around bridge piers.


https://en.wikipedia.org/wiki/List_of_bridge_failures

1.3. Research Objectives

As stated in the previous section, a leading concern regarding the stability of bridge
foundations is the occurrence of local scour around the piers. Local scour around a
bridge pier is a result of flow field and bridge pier interactions that forms a system of
complicated vortices around the pier that is explained in Chapter 2. One approach to
reduce local scour is to change this vortices system by using a flow altering device.
Alternative flow altering devices have been proposed in the literature. These are
discussing in detail in Chapter 2. Arising from that discussion, it will be shown that
there are no guidelines for the design of these flow altering devices. In this study, a new
flow altering device named Flow Diversion Structure (FDS) with a triangular prismatic
shape installed upstream of the pier is introduced and discussed. The reasons for
selection of a triangular shape for the FDS are presented in Section 3.2. Figure 1.1
illustrates a schematic diagram of the FDS installed upstream of a circular pier. In
addition to confirming the FDS is a viable flow altering device, design guidance is

required if the FDS is to be deployed in the field.



Sediment - -

Longitudinal Profile

Figure 1.1. Schematic diagram of a flow diversion structure

The main goal herein is to perform an experimental study of the effects of this FDS on
both local scour and flow field around a circular pier. To achieve this goal, three

specific objectives are planned as follows:

1. Evaluating the effects of the FDS with initial dimensions on local scour and flow
field near a circular pier. This objective is considered as a proof of concept for a

triangular FDS.

2. Optimising the dimensions and installation location of the FDS to achieve the
maximum reduction of local scour. The lateral base (B), longitudinal base (L),
and height (H) of the FDS, as well as the clear distance between the pier and the
FDS (d) are optimised as a function of pier size and flow conditions. These

optimised dimensions and location provide guidance for field applications.
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3. Evaluating the effects of the optimised FDS on the flow field around a circular

pier.
1.4. Research Significance and Innovation

"Man who overlook water under bridge will find bridge under water" (Neill 1973). This
citation highlights the important effects of running water on the stability of bridges; and
significantly its impact on piers that support the bridge. Accordingly, this research is

focused on the countermeasures against local scour around bridge piers.

Unlike the literature discussing scour mechanism and the associated flow field for
bridge piers, there is still inadequate research on local scour countermeasures; and
considerably few methods have been suggested to reduce local scour around a pier by
changing the flow field at the vicinity of the pier. The previously proposed flow altering
devices were not fully discussed, and they have a lack of information and guiding
principles associated with their design and performance. Hence, there is no thorough

report of their applications in real situations.

In this study, a new flow altering device is introduced to reduce the local scour around a

circular bridge pier through the following innovations:

e Proposing and confirming a new shape for a flow altering device, hereafter
referred to as FDS, for reducing local scour around a bridge pier.

e Developing design guidance for the FDS dimensions and location. Taguchi‘s
technique was employed to minimise the number of alternative tests required for
development of this design guidance

e Employing reliable measurement techniques to capture accurate results such as
3-D scanner for measuring scour-hole topography, and PIV system for

measuring instantaneous flow velocity components
1.5. Research Methodology

Because of the complexity of the turbulent flow field and mechanisms of local scour
around a bridge pier, most studies in this field are based on the physical modelling. The
main hypothesis of this research study is that suitable guidance for the design of a FDS
can be obtained through design of a well-structured experimental program. To achieve
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this, a program of experimental work is designed and undertaken. As part of this
experimental program the effectiveness of the FDS needs to be considered, and the

optimal dimensions and location need to be determined.

Three research objectives were identified in Section 1.3. To achieve each of these
objectives alternative sets of experiments were required. While details of these
experiments are outlined in Chapter 3 to 5, common conditions for all experiments

wCere:

e All tests were conducted under steady state flow condition
e All local scour tests were performed under clear water scour condition (the
definition of clear water scour is presented in section 2.2.3.)

o All flow field tests were completed under fixed bed condition (no sediment)

Two types of measuring devices were used in this study for determining flow velocity
components. Acoustic Doppler Velocimetry (ADV) was utilised for the first series of
tests, while Particle Image Velocimetry (PIV) was employed for the third series of tests.
Measurement of velocity components was not needed during the second series of tests.
The final bed topographies in the first and second set of the local scour tests were

measured using a digital pointer, and a 3-D topography scanner, respectively.

Finally, the local scour data were analysed to evaluate the effects of the proposed FDS
on local scour reduction around a circular pier, and to find out the optimum dimensions
and the best installation location of FDS to achieve the maximum reduction of local
scour. In addition, the measured flow field data were analysed to discover how this FDS
could change the flow field around a circular pier, and consequently reduce the local

scour.

1.6. Scope and Limitations

The mechanism of pier scour is complex due to the complicated interactions between
flow, pier, and sediment. Consequently, a laboratory experimental study is widely
considered as one of the most reliable and precise methods of study in the field of pier-

scour. Accordingly, this study was planned to be conducted experimentally. However,

6



limitations on experimental investigations arise from the available facilities, time, and

budget. The limitations for this study were:

e The flow condition was steady state

e Local scour tests were conducted under clear water scour condition

e Local scour tests were carried out using cohesion-less and uniform sand

e Only a single circular pier model was employed for studying the effects of the

FDS on local scour and flow field around a bridge pier

1.7. Layout of Thesis

While there are six chapters in this thesis, the purpose of individual chapters differs.

In the first chapter, a general background to the research undertaken is presented. This
background includes the objectives and through this the significance of the research. As
presented will be an overview of the investigation methodology and, through the
discussion of the methodology, the innovation within the project. Finally, an overview

of the information that will be developed during the research is presented.

A critical component of the research is an analysis of the literature highlighting the lack
of data and information regarding the problem being investigated. This analysis of the
published literature on local scour is presented in Chapter 2. Included in this analysis is
the definition of local scour and flow characteristics influencing the presence and
magnitude of local scour. Furthermore, the need for countermeasures protecting piers
against local scour is discussed with alternative approaches, including armouring
devices and flow altering devices, for providing that protection. Of critical importance
to this project is the analysis showed, for the flow altering devices previously
investigated, that there are no guidelines for design of them. In this study, a flow
altering device is studied for a suitable shape and the development of guidance for

design. This is investigated in the following three chapters.

The methodology for the investigation consisted of three components. The first of these
components was a series of tests aimed at confirming a triangular shaped prism located
upstream of a pier would mitigate local scour at the pier. These tests are described in

Chapter 3 where the —-proof of concept” is presented.
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Following the —proof of concept”, a series of tests was designed to investigate the
optimal size and location of the FDS. Due to the number of parameters being
considered, Taguchi‘s method was used in the design of a feasible test series. This
design and the results of the test series are described in Chapter 4. Also presented in

Chapter 4 is a conceptual field application of the FDS.

The final component of the investigation was consideration of the flow fields with and
without the FDS. PIV techniques were used in this part of the investigation. These

techniques and the results obtained are presented in Chapter 5.

A summary of the outcomes from the investigation are presented in Chapter 6. Also
presented in Chapter 6 are suggestions developed during this investigation for further

research in this topic.

Finally, some additional materials relevant to the investigation are included as

appendices.



CHAPTER 2

Literature Review

"Man who overlook water under bridge will find bridge under water" (Neill 1973)




2.1. Introduction

As stated in the previous chapter, for reducing the risk of waterway bridge collapses, it
is necessary to well-understood the reasons for this problem. In this chapter, initially, an
analysis of bridge collapses to find the main reason for this problem is presented. As
will be discussed, the main reason for bridge collapses is scour. Then, the definition and
types of bridge scour will be stated. After that, a classification of the bridge scour
studies will be presented, followed by the analysis of published literature on bridge
scour mechanism and countermeasures that are related to the objectives of the current
research study. Finally, a summary to highlight the lack of data and information

regarding the problem being investigated will be presented.
2.2. Analysis of Bridge Collapses

Smith (1976) analysed 143 cases of bridge collapse in different countries from 1961 to
1975. He reported that about 70 bridges collapsed during the flood, about 45% of which

were due to local scour of the bridge piers.

Melville (1992) reported that in New Zealand, 29 bridges collapsed as a result of
abutment scour during the years 1960 to 1984. In addition, every year in this country at

least one severe bridge collapse occurs due to the scour as stated by Melville &

Coleman (2000).

Based on Wardhana & Hadipriono (2003), flood and scour were the most common
causes of bridge failures at 53% in the United States between 1989 and 2000, whereas
overload and lateral impact forces from trucks, barges/ships, and trains contributed 20%

of the total bridge failures during the same period.

According to a report by Lagasse et al. (2007), bridge pier scour is the leading cause of
60% of bridge failures in the United States. They stated that —83% of the 583,000
bridges in the National Bridge Inventory (NBI) are built over waterways.” They cited an
example from a 1994 storm in Georgia where scour damage occurred to more than 500
bridges. Scour depth ranging from 4 to 6 meters at 31 bridges were reported by report

source.
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Lee et al. (2013) studied the United States bridge failures between 1980 and 2012 and
reported the number of failed bridges versus causes of failure, as presented in Table 2.1.
Referring to that study, it can be realized that scour and flood are the most common

causes of waterway bridge failures.

Table 2.1. Number of failed bridges vs. Causes of failure, by 10 year intervals
(modified from Lee et al., 2013)

Causes of failure 2000-2012  1990-2000 1980-1990 Total Percent
Flood 40 154 107 301 28.3%
Scour 53 92 55 200 18.8%
Collision 51 55 57 163 15.3%
Overload 37 31 67 135 12.7%
Internal causes' 32 36 50 118 11.1%
Environmental degradation 23 22 26 71 6.7%
Fire 12 10 8 30 2.8%
Earthquake 1 11 8 20 1.9%
Wind 8 8 1 17 1.6%
Others’ 2 3 2 7 0.7%
Total 259 422 381 1062 100%

Bridge failures that happened in USA during the years 2000 - 2012 were analysed by
Taricska (2014). He concluded that both scour, and flood individually was higher than
any other single cause of failure, and together, combined for nearly 50% of all bridge

failures over the timeframe studied.

The history of the bridge failures indicates that among all the causes, scour is a

significant and common cause of waterway bridge failures.

1- Internal causes consist of faulty design, error in construction, low quality materials, and lack of
maintenance.
2 - The causes of seven failures are not distinctly defined in the data sources and are listed as _others®.
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2.3. Bridge Scour

Bridge scour is a specific form of waterway erosion. Van Rijn (1993) stated that the
scour process near a bridge pier is related to three effects including (i) local disturbance
of the flow field, (ii) local reduction of cross-section, and (iii) general lowering of river
bed near the bridge site during floods. Melville & Coleman (2000) defined bridge scour
as —the lowering of the level of the riverbed by water erosion such that there is a
tendency to expose the foundations of a bridge. The amount of this reduction below an
assumed natural level (generally the level of the riverbed prior to the commencement of
the scour) is termed the depth of scour or scour depth.” They stated that three different

types of scour can happen at a bridge; there are

e (Qeneral scour
e Contraction scour

e [ocal scour

These types of bridge scour are depicted in Figure 2.1. One or some of the different

scour types may happen simultaneously at a particular bridge.

Original Bed Level

/ \
/ \
/ \
/ \
/ \
// \\
S

Local Scour at - N
the Abutment _—" L 1 bt A Total Scour at

|
k\ the Abutment

Local Scour

Final Bed Level  at the PierL-- General Scour rotal Soour

at the Pier

Figure 2.1. Various types of potential scour around bridge piers (modified from
Melville & Coleman, 2000)
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2.3.1. General Scour

General scour based on Melville & Coleman (2000) is lowering of the overall
longitudinal profile of the riverbed attributable to natural or anthropogenic causes. The
occurrence of this type of scour is unrelated to the presence of the piers. General scour
in a riverbed may occur either as a short-term or long-term phenomenon depending on

the time taken for the development of scour.

2.3.2. Contraction Scour

Contraction scour occurs where the cross-section of a river narrows because of the
existing of a structure such as bridge piers or abutments in the river. Accordingly, the
flow velocity increases along the narrow section and then decreases as the cross-section
expands beyond this section. The contraction scour occurs due to this accelerated flow

(Melville & Coleman 2000).

2.3.3. Local Scour

Local scour is caused by the interference of the piers and abutments with the flow and is
characterised by the formation of the scour holes around the bridge piers or abutments
(Melville & Coleman, 2000). Figure 2.2 illustrates the scour hole around bridge piers in

Australia.

Of the above classifications, this study focuses on countermeasures against local scour

around bridge piers.
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Figure 2.2. Local scour around bridge piers (taken by the candidate)

Melville (1975) suggested classifying the local scour based on the amount of sediment
transported out (qs;) and supplied in (qs;) of the scour hole. The difference between these

two amounts is expressed as the scour hole rate in volume per unit time (qs).

s = 4s1 — 4s2 (2.1)

Accordingly, two distinct types of local scour can be identified as follows:
e Clear Water Scour

Clear water scour happens when sediment particles are removed from the scour hole

and not replaced. In this type of local scour the sediment feed rate for the scour hole is zero
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(¢s: = 0). The maximum amount of local scour is reached when the transport capacity
out of the scour hole is zero. This condition is attained when the flow is no longer

capable to move sediment particles from the scour hole.

e Live Bed Scour

Live bed scour occurs where the scour hole is constantly supplied with material from
the sediment load carried by the upstream section. In this type, the rate of sediment
transports out (qs;) and in (qs;) of the scour hole are positive. The equilibrium condition is
achieved when the capacity for transport of sediment into and out of the scour hole are

equalised (¢s;=¢;2).
2.4. Classification of Studies on Local Scour around Bridge Piers

Many researches have been conducted in the field of local scour around bridge piers.
These various investigations can be classified into three categories, namely (i) local
scour mechanism and flow field, (i1) estimation of local scour, and (ii1) countermeasures
against local scour. The main objective of this research is reduction of local scour
around bridge piers by changing the flow field, which can be incorporated into the first
and third categories of the above classification. Therefore, in the following sections, a
brief review of some previous studies in these two categories is presented. For this
project it is necessary to understand some basic concepts of open channel hydraulics

and fluid mechanics; these are presented here.

2.5. Turbulent Flow Field and Local Scour Mechanism around Piers

As stated in several investigations such as Melville & Raudkivi (1977), Chiew (1984),
Dargahi (1989), Rajagopalan & Antonia (2005), Kirkil et al. (2008), Debnath et al. (2012),
Keshavarzi et al. (2014), Sarkar et al. (2016), and Gautam et al. (2019), factors that
influence local scour around a bridge pier includes three dimensional turbulent flow.

Therefore, to study the flow field and mechanism of scour around bridge piers, it is

15



required to know some basic concepts of turbulent flow in open channels which are

presented in the next section.

2.5.1. Turbulent Flow

According to Pope (2000), an essential feature of turbulent flows is that the fluid
velocity fluctuates significantly and irregularly in both position and time. Generally in
hydraulic engineering, u, v and w are used to show the instantaneous velocity
components at a point in the streamwise, transverse and vertical directions, respectively.
Correspondingly, , v and w show the mean velocity components; and u', v' and w'
show the velocity fluctuating components. This behaviour can be exemplified by a time
history of the velocity components in a typical point, as shown in Figure 2.3; and the

following equations (Reynolds decomposition) can be written:

u=u+u (2.2)
v=v+7 (2.3)
w=w+w (2.4)

u f

instantaneous velocity (u)

= == =mean velocity (i)

Time

Figure 2.3. Temporal velocity fluctuations at a point in turbulent flow
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In the area of fluid dynamics, turbulence intensity (TI) is described as the ratio of the
root mean square of the velocity fluctuating components to the mean flow velocity.
Turbulent kinetic energy (TKE) is the kinetic energy calculated with turbulent
fluctuating velocities. Turbulence intensity (TI) and turbulent kinetic energy (TKE) can

be calculated by Equations 2.5 and 2.6, respectively.

11— —
TI = jg (W2 +v'2 + w'2) (2.5)

1 — —
TKE =5 (2 +v2 +w'?) (2.6)

The velocity fluctuating components can also be utilised to compute the Reynolds Shear

Stress. The components of Reynolds Shear Stress are defined as:

Ty = —pu'v’ 2.7)
Tyw = —pv'w’ (2.8)
Tyw = —pu'w’ (2.9)

The principles of turbulent flow and its characteristics are explained by Pope (2000).

2.5.2. Local Scour Mechanism around a Single Pier

The complicated flow structure at the vicinity of a bridge pier causes the local scour,
which is one of the significant reasons for waterway bridge failure. The main feature of
this flow field is a system of vortices formed around a bridge pier as schematically

illustrated in Figure 2.4.
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Figure 2.4. Main features of flow around a bridge pier (Hamill, 1998)

As expressed by Melville (1975), a vortices system shaped around a bridge pier
including horseshoe vortex and wake vortex, is the leading cause for the local scour.
The horseshoe vortex increases the velocity near the bed, leads to a rise in the transport
capacity of the sediment particles. The wake vortex suspends the sediment particles and

also acts like a vacuum cleaner while moving the bed material downstream.

Melville & Raudkivi (1977) stated that when a bridge pier is placed in a river stream,
the flow velocity reduces upstream of the pier and becomes stationary on the upstream
surface of the pier. Hence, the upstream flow velocity on the upstream surface of the
pier reduces to zero, which results in an increase in pressure. The related pressures are
maximum near the surface, and decrease downwards. This difference in pressure forms
an adverse pressure gradient on the upstream face of the pier in the vertical direction as
a result of approaching boundary layer flow. If this pressure gradient is strong enough,

it is capable of causing a downward flow on the upstream face of the pier.

Based on Qadar (1981), scouring vortex due to flow separation in front of a pier is the
main cause of the local scour. Chiew (1984) also introduced a concept similar to
Melville‘s (1975) conceptual model. To comprehend the mechanism of local scour,
some studies, for example those by Ettema (1980), Dargahi (1989), Ahmed &
Rajaratnam (1997), Richardson & Panchang (1998), Melville & Coleman (2000),
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Meneghini et al. (2001), Muzzammil & Gangadhariah (2003), Kumar & Kothyari
(2011), and Shrestha (2015) have been performed. In all the above studies, it was
concluded that vortices are the most important causes of sediment particle entrainment

around the bridge piers.

As discussed by Melville & Coleman (2000), there are four main characteristics of the
flow structure at a pier. These include a down-flow and surface roller at the upstream of
the bridge pier, a horseshoe vortex at the pier base of the bridge, and wake vortices

downstream of the bridge pier, as shown in Figure 2.4.

Based on Muzzammil & Gangadhariah (2003), the boundary layer at the upstream face
of a pier undergoes a three-dimensional separation. The downward flow due to negative
pressure gradient interacts with the horizontal boundary layer separation close to the
river bed. This interaction results in formation of a vortex system. This vortex system
wraps around the pier and is swept downstream by the flow. When it is viewed from the
top of the pier, the shape of the swept vortex system is the same as a horseshoe. Hence

it is popularly known as horseshoe vortex.

Down-flow and horseshoe vortex features around circular piers were experimentally
investigated by Unger & Hager (2007). They have concluded that the governing scour
agents included the horseshoe vortex inside the continuously increasing scour hole and
the down-flow at the upstream surface of the bridge pier. Furthermore, the horseshoe
vortex develops with time, and its velocity profile is a function of pier diameter, the

approach flow depth, median sediment size and densimetric particle Froude number.

Dey & Raikar (2007) experimentally studied the horseshoe vortex in scour holes around
the piers. The results of their study revealed that the horseshoe vortex size becomes
larger as the scour hole develops. In addition, the horseshoe vortex circulations increase

with the increase in scour hole size.

Ettema et al. (2011) categorised three types of flow structure around bridge piers, based
on the ratio of the flow depth (y) to the pier diameter (D) including narrow piers when

y/D > 1.4, transitional piers when 0.2 <y/D < 1.4, and wide piers when y/D < 0.2.

As stated by Ettema et al. (2011) for narrow piers, a down-flow and up-flow with roller
take place at the upstream of the pier as a results of flow impact against the pier face.

19



The flow converging, contracting, then diverging occurs as the flow passes the pier. The
generation, transport and dissipation of the horseshoe vortex also happen at the pier
base. In addition, the shear layers detach at pier flanks. Moreover, wake vortices form
behind the pier. These flow field features grow as the scour develops. Consequently, in
narrow piers, the scour is typically deepest at the face of the pier due to the formation of

different flow field features around the pier.

According to Ettema et al. (2011), the features of flow structure in the transitional pier
are almost similar to the features described for narrow piers. However, the flow field
features start to partially disrupt according to the reducing of water depth and or
increasing of pier diameter. Therefore, the capability of flow field features to erode

foundation material will reduce.

For the third type of this categorisation, Ettema et al. (2011) presented that as the flow
approaches to the pier, the flow velocity reduces and the flow moves along the upstream
face of the pier before narrowing and moving around the sides of pier. A partial and
weak down-flow occurs at the upstream face of the pier, which may narrowly erode the
pier foundation at the pier centre plane. The maximum erosive flow field features which
include wake vortices and the part of the horseshoe vortex happen close to the flanks of

the pier. Hence, deepest scour occurs at the pier flanks.

Gautam et al. (2019) experimentally studied the flow and turbulence characteristics
around simple and complex piers. The complex pier in their study was a circular
cylindrical pier resting on an elliptical pile-cap supported by a 2x2 array of pile group.
They reported that the flow field around a complex pier is significantly different from
that of the simple pier. The results of their study show that the magnitudes of the mean
velocity, turbulence intensity and Reynolds Shear Stress for the simple pier case are

higher than those of the complex pier.

In addition to the above studies, several other researches have been conducted to
investigate the process of local scour, for instance Dargahi (1990), Roulund et al.
(2005), Zhao & Huhe (2006), Kirkil et al. (2008), Kirkil et al. (2009), Veerappadevaru
et al. (2011), Chang et al. (2013), Beheshti & Ataie-Ashtiani (2016), Sarkar et al.
(2016), and Vijayasree et al. (2019). All of these studies prove the interaction of the

flow field and the bridge pier as the mechanism of local pier scour.
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2.5.3. Group of Piers

Reviewing previously published studies indicates that scour mechanisms and flow fields
are more complicated when a group of piers obstructs the flow. In this situation, the
piers configuration affects the flow field in addition to other parameters such as the
geometry of piers and hydraulics of flow. A number of researchers such as
Zdravkovich (1987), Sumner et al. (2000), Meneghini et al. (2001), Lin et al. (2002),
Zhou & Yiu (2006), Sumner (2010), Beheshti & Ataie-Ashtiani (2016) among others,

have conducted researches in the area of flow field around a group of piers.

The most common case of piers group is two cylinders in cross-flow. The basic patterns
of this group are shown in Figure 2.5. According to the scope of this study, a brief

review of previous studies for two tandem bridge piers is presented here.
O
Flow Direction Flow Direction Flow Direction
> , } : , s =g
D: d ' D : @
o .

Figure 2.5. Two circular piers in cross-flow; a) tandem configuration; b) side-by-side

configuration; c) staggered configuration

As discussed by Zdravkovich (1987), two particular kinds of flow interference can be
distinguished for the case of two piers, including proximity interference, and wake
interference. The proximity interference takes place when none of the piers is
submerged in the wake of the other one. For instance, side-by-side piers belong to this
category. The wake interference occurs when one of the piers is placed into the wake
region of the other. This type of flow interference might occur only to the downstream
pier in tandem and staggered arrangements. Zdravkovich (1987) also stated that a
combination of these two flow interference might happen in some regions. Besides,
there is another type when the flow interference is negligible, and the flow around each
pier in that region is effectively identical to that around a single pier.
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Sumer & Fredsee (2002) discussed that the interference effect for both the wake vortex
flow and the horseshoe vortex flow would strongly depends on the pier-group
configuration. In the case of the tandem arrangement, the two piers act as a single body,
and therefore there is only one wake vortex when d/D < 0.15 (where d and D are the
pier spacing and diameter, respectively). The d/D needs to be increased by 3, for two
wake vortices regime to emerge. For d/D > 3, the wake vortex behind the downstream
pier is called binary vortex that each vortex, in this case, consists of two vortices (one is

formed behind the upstream pier and the other behind the downstream pier).

A comprehensive review of the flow field around two circular piers has been conducted
by Sumner (2010). It was stated that, for two piers in a tandem pattern, the upstream
pier shields the downstream one from the approach flow. Therefore, the approach flow
for the downstream pier would be altered by the wake of the upstream one. Moreover,
the wake and vortex region after the upstream pier are affected by the downstream pier.
It was also reported that the upstream and downstream piers behave as a turbulence
generator and wake stabilizer, respectively. In addition, the piers might act as a single
pier or two separate piers depend on their spacing. A classification of flow regimes for
two tandem piers including extended-body, re-attachment and co-shedding was

reported by Sumner (2010), as shown in Figure 2.6.

Flow

L=2D-3D L=3D-5D L>5D
] = =

— ! ) | ———

Extended-body Regime Reattachment Regime Co-shedding Regime
L/D=1-2 L/D=2-5 L/D>35
Sub-division L/D = 2-3 Sub-division L/D = 3-5

Figure 2.6. Tandem piers flow classification (modified from Sumner, 2010)

The extended body regime occurs when the L/D ratio (L is the space between centres of
two piers) is in the domain of 1 < L/D < 1.2-1.8, as suggested by Zdravkovich (1987).
Zhou & Yiu (2006), proposed 1 < L/D < 2 for occurring the extended body regime. In
this regime, two piers perform as a single pier. As reported by Sumner (2010), the

downstream pier is placed in the upstream pier‘s vortex. Additionally, the wake vortex
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of the downstream pier happens nearer to the pier in comparison with the case of a

single pier.

The distance between two piers in the case of a re-attachment regime is poorly defined.
As cited by Shrestha (2015), This distance is between 1.2-1.8 and 3.4-3.8 by
Zdravkovich (1987) and between 2 and 5 by Zhou & Yiu (2006). In this regime, the
detached shear layers from the upstream pier can re-attach around the downstream pier
as shown in Figure 2.6. It is worth mentioning that there is only one vortex street, which

is formed behind the downstream pier.

When two piers are apart, the co-shedding regime takes place. According to
Zdravkovich (1987) for L/D > 3.4 - 3.8, the co-shedding regime occurs, while Zhou &
Yiu (2006) reported L/D > 5 for the formation of this regime. In this case, the vortices
occur at the downstream of both piers. However, the vortices produced by the front pier
disturb the vortices in the back of the rear one. Accordingly, the vortices behind the

downstream pier become weaker and fade rapidly.

Keshavarzi et al. (2017) used a particle image velocimetry (PIV) technique to study the
turbulence characteristics of a single pier and two tandem circular piers. The results of
their study have been summarized in Table 2.1 for the longitudinal plane at the
centreline. They concluded that the flow field for the case of two tandem piers is more
complicated than the single pier. In addition, the flow field has been considerably
affected by the distance between two tandem piers. The turbulence characteristics
including TI, TKE and RSS for two tandem piers significantly differ from the single
pier. Results of their study showed that when 2 < L/D < 3, more powerful turbulence
flow occurs behind the front pier and as a result, a higher scour depth can be expected
around front pier. Accordingly, for the tandem arrangements of two piers, 2 <L/D <3 is
the worst condition for the front pier due to stronger turbulence that may produce more

scour.

In this research, flow conditions in the experiments were selected to develop similar
characteristics to those presented in Table 2.2 for the flow pattern, w/V, w/V, TI,, T,
TKE, and RSS. A detailed discussion of the flow conditions for the experiments is

presented in Chapter 5.
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Table 2.2. Summary of flow field results for the longitudinal plane at centreline (after Keshavarzi et al., 2017)

Two tandem piers

Single pier
Characteristic Between two piers
US pier 1 DS pier 2
Us’ DS’ L/D’=1 L/D=2 L/D=3 4<L/D<6
e Flow
e Reverse and . separation
upward flow at ° Wake' 'S d atli.SD e Flow
e Flow immediate DS EZ}E&?}S?& from the DS separation at e Wake behind
separation side 1 face of 2.5D from DS the single pier is
Flow Pattern e Downward e Flow random e Similar to e Wake only « Reverse Pierl face of Pier 1 larger than that
flow direction at wake single pier behind Pier 2 and woward ~ ° Flow ¢ Flow of the two
e Clockwise region fow P rotation at rotation tandem piers
vortex e Max. up flow between 2 the between two cases
intensity at 2D Piers immediate  piers
from Pier DS face DS side of
Pier 1
. WV=1atXD ° Reverse flow at 0 A grgdugl
> 1.25 from US gg ;v;l;efizs\;t& e DS of Pier 2 ;l(l)lviverse o As the flow approaches Pier g;clflza(s)?f/gl glaes
side and then o Similar to approximately 2, positive value of u/V . .
u/V 0.6 uwV<0 . . i between two . noticed with
becomes smaller - - single pier similar to DS of . . between two piers could be . L
. and reducedto 0 ° b, u/Y—l 2 single pier P il observed fnereasing in =
Time at US Pier face occurs at Pier 0.55uw/V=<0 distance from the
Average side DS face of Pier 2
Velocity e -0.3<w/V<2 eupward flow e Nodown- No « Horseshoe e Increasing the
Components that negative region extending e upward flow flow at US ced rtex in front magnitude of
value shows towards the free e down-flowin  region extending side of Pier Eotlceh V(f)p?x 1; o E upward flow
w/V  down-flow and surface all the cases of towards the free 2, and no o:es c;e ° he T wit with increasing
Max. value e heavily two tandem piers  surface at DS horseshoe Z}?e g:sz of f}r; i tira ts(l)zfe in the spacing
occurs at US fluctuated w near side of Pier 2 vortex in Pier 2 Pier 1 between two
side the bed this region piers
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Table 2.2. (cont.) Summary of flow field results for the longitudinal plane at centreline (after Keshavarzi et al., 2017)

Characteristic

Single pier

Two tandem piers

us”

DS’

US pier 1

Between two piers

L/D=1 L/D=2 L/D=3 4<L/D<6

DS pier 2

Turbulence
Intensity
Components

TI,

e Higher value
of TI, close to
the bed and
decreasing with
increasing the
distance towards
the free surface

e Higher value
of T, extend to
the mid-depth of
the flow

e Max. value of
in the zone close
to the bed

e For L/D < 4 higher values of TI, existing close to the bed and
the higher value zones extending throughout the gaps.

e For L/D = 6, the Max. TI, occurring at a distance of 1.5*D from
DS face of Pier 1.

As the flow approaching Pier 2, TI, reducing by 60% of max.
value, observing at the DS side of Pier 1.

e increasing TI,
with increasing
in the spacing
between two
piers

TI,,

e Higher value
of TI,, close to
the bed and
decreasing with
increasing the
distance towards
the free surface

e distribution of
T1I,, similar to the
TI,, with

approximately the

same value

e For all values
of L/D,
approximately
the same order
and distribution
of T1I,,

e Max. TI,, at the
DS side of Pier 2
is about 50% less
than that of the
single pier

e Max. TI, and TI,, between two piers are
approximately the same

e increasing TI,
with increasing
in the spacing
between two
piers
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Table 2.2. (cont.) Summary of flow field results for the longitudinal plane at centreline (after Keshavarzi et al., 2017)

Two tandem piers

Single pier
Characteristic Between two piers
US pier 1 DS pier 2
Us’ DS’ L/D"=1 L/D=2 L/D=3 4<L/D<6
e Increasing TKE
e Max. TKE with increasing

Turbulent Kinetic
Energy

e Similar to
turbulence
intensity

close to the pier
near the bed and
about 2 times
greater than that
of the US side

e Similar to
single pier

e increasing TKE behind Pier 1 with increasing in the spacing
between two piers

e For L/D=3 and 4, higher value of TKE close to the Pier 2

o for L/D>4, the value of TKE decreasing as flow approaching
Pier 2

the spacing
between two
piers up to
L/D=3. Further
increasing in
spacing,
decreasing TKE

Reynolds Shear
Stresses (RSS)

e Increasing RSS
with
approaching the
flow to pier

e -0.5<RSS<
0.5 close to pier
and extending up
to a distance of
3*D from DS
face

o Similar to
single pier

e higher negative values close to the bed

o Decreasing RSS with increasing the spacing between two Piers
o Higher values close to Pier 1 and gradually decreasing as flow
approaching Pier 2

o Increasing RSS
with increasing
the spacing
between two
piers up to
L/D=3. Further
increasing in
spacing,
decreasing RSS

*US: upstream, DS: downstream, L/D: normalized spacing with respect to pier diameter

TI, and TI,,: turbulence intensity components in the streamwise and the transverse direction
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2.6. Countermeasures against Local Scour around Bridge Piers

To control and reduce the local scour around bridge piers, which is a common cause of
waterway bridge failures, different engineering methods have been proposed by
researchers. These various types of pier scour countermeasures can be classified into
two distinct categories. The first category is associated with using armouring devices; is
a traditional solution to deal with pier scour problems. The concept behind this type of
scour countermeasure is that materials, such as large stones which are heavier than the
riverbed grains, can withstand the elevated shear stresses which occur around bridge
piers. The second category is associated with the employment of flow-altering devices.
The basic concept for using flow-altering devices is to change the flow field around the
bridge pier in a manner that reduces the potential for erosion around the bridge pier. The
following sections provide a review of previous studies on countermeasures against

local scour around bridge piers.

2.6.1. Local Scour Countermeasures Using Armouring Devices

Riprap is one of the most common pier-scour countermeasures. Other devices such as
tetrapods, tetrahedrons, toskanes, grout-filled mats, cable-tied blocks (see Figure 2.7)
can be considered as the alternative armouring devices for pier scour protection
(Melville & Coleman 2000). So far, several design criteria have been suggested for
riprap such as those developed by Brice & Blodgett (1978), Worman (1989), Parola
(1993), Chiew (1995), Chiew & Lim (2000), Lauchlan & Melville (2001), Lim &
Chiew (2001), Unger & Hager (2006), Lagasse et al. (2007), Mashahir et al. (2009),
Tabarestani & Zarrati (2012), Karimaee Tabarestani & Zarrati (2015), Suaznabar et al.
(2017), and Karimaei Tabarestani & Zarrati (2019).
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? Tetrahedrons

Cable-tied Blocks

Figure 2.7. Alternative armouring devices for pier scour protection (Melville &

Coleman, 2000)

Different equations have been proposed by researchers for sizing riprap and also other
design criteria such as riprap extent, grading and filter. These design criteria for riprap

are summarised in Tables 2.3 and 2.4.
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Table 2.3. Equations for sizing riprap around bridge piers

Methods

Equation

Symbols

Quazi & Peterson (1973)

drso 085

T CEE

B t al. (1977) drso __283 o,
reusers et al. = T
y (Ss - 1)
dTSO 3
Farraday & Charlton (1983) = 0.547Fr
drSO c*
Parola et al. (1989 = Fr?
( ) y (Ss - 1)
drso  0.278 5

Breusers & Raudkivi (1991)

= F
y (Ss - 1)1'5 "

David (1994)

drso _ 0.58KpK,
y B (Ss - 1)

2

Richardson & Davis (1995)

drso  0.346f°f,°
= Fr
y (Ss_l)

d,so= median stone size

y= mean approach flow depth

S=specific gravity of riprap stones

Fr=Froude No. of the approach flow depth=V/(gy)°>

V= mean approach flow velocity (m/s)

C'= pier shape factor; C=1.0 (rectangular), 0.61 (round-nose)
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Table 2.3. (cont.) Equations for sizing riprap at bridge piers

Methods Equation Symbols

K, = 0.783 (%)0'322 ~0.1060 < (%) <3

d,so 0.168 K, =1 (X) >3

. Y S GoDwE P b \J? A
Chiew (1995) R K, = 0.3981n (drso) — 0.034In (drso)] 1< (dm) <50
U* =] Kde FT Kd =] 1 (dfso) 2 50

K, = flow depth factor
K4 = sediment size factor

D, = pier projected width
f1=factor for pier shape (1.0 for rectangular and 0.71 for round-nose)
f;= factor for pier size = f{D,/d,s):

dso __hfs . b,
(Parola 1993, 1995) y (S, -1 /=083 4< (drso) <7
=10 7<(2)<14

50

Dp

(= 1.25 20<( )<33

drso
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Table 2.3. (cont.) Equations for sizing riprap at bridge piers

Methods Equation Symbols
d,so (1 2dr50>°-5 0641 .
— =— """  pr
y y A3(Ss — Do A equals acceleration factor.
Croad (1997) B dyso= is for sediment particles at the bed
diso=17dwso further details from Croad (1997)
0 275
T T . . .
=0.3S (1 = —) Frl2 S¢= safety factor, with a minimum recommended value = 1.1
f
LI ([E2R) Y, = placement depth below bed level
d
Lauchlan & Melville (2001) % = Ky (0.3Fr1?) Ky = adjustment factors for riprap placement depth

31



Table 2.3. (cont.) Equations for sizing riprap at bridge piers

Methods Equation Symbols
u 0.3 U/U, = critical flow intensity for riprap failure
Mashahir et al. (2009 — = - .
ashahir et al. 2009) 5 = 3D /d,o0) X K(y/D) x K(Rec) U= flow velocity

U, = 7.66,/0.056(SG — 1) gds0(y/dyso)M/®
K(D/d;s0) , K(y/D) and K(Rec) = sediment size, flow depth, and rectangular pier

adjustment factors respectively.
SG = specific gravity of riprap stone
D, = Pier effective width

Tabarestani & Zarrati Depp 1. D _ y
U2 SG — Dad =38 1.5 0.5 0.25
(2012) /( )g 750 ( D ) (drso) (drso)

K, = factor for slope effect
Ky, = factor for pier width
K,, = factor for cross-flow shear
Froehlich (2013) drso/y = K X Kp X K,y X Ky X K X K, X Fr3 K, = factor for transverse pier spacing
K, = factor for pier shape
K, = factor for pier alignment with the flow
Fr = Froude number of the flow approaching a bridge pier
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Table 2.4. Methods to estimate riprap extent, grading and filter requirements (after Melville & Coleman, 2000)

Riprap extent
Methods Level Grading

Lateral extent Thickness

Semi-circular upstream shape (Radius 3b), semi-elliptical
L eGSR ) downstream shape; overall length 7D LD

. . . . _ Riprap surface below expected general
Neill (1973) Project around the nose of the pier by a distance = 1.5D 2d.s0
scour level
Poey (1974) 1.5 to 2.5D in all directions from the pier face
Hjorth (1975) ﬁength = 6.25D, width = 3D, circular arc upstream, triangular shape
ownstream
Breusers et al. (1977) 2D from pier face 3d.s0 S Q1stance etory bt vl (o prevart
excessive exposure

glgc;l Sa)rdson i (D Width>5D > 3d,s Top of riprap at bed level d;50> 0.5dmax
Chiew (1995) % >12.5 VK —2.75 C,= width of riprap layer
Parola (1995) Sem1-01_rcu1ar upstream (radius b,,), triangular downstream; overall

length = 7b,

g g o drmax = 2 drSO
Croad (1997) >5.5by, of which 1.5 b, is upstream of the upstream face of the pier ~ 2d.s9 de<2d
150 = 15

1 to 1.5b in all directions from the pier face .

Lauchlan (1999) Synthetic filter (if placed) should have lateral extent about 75% of 2d:0t083 % i iton lowel O pl g, Yy, sluited
dso in riprap sizing equation

the lateral extent of the riprap layer
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Referring to Table 2.3, it can be found that different methods offer the dissimilar ranges
for sizing riprap at bridge piers. For example, the methods proposed by David (1994),
Breusers et al. (1977) and Croad (1997) estimate very large riprap size, while that of
Breusers & Raudkivi (1991) calculates very small riprap size. Similarly, with
consideration of Table 2.3, the other design criteria produce different results by different

methods.

Although several researchers proposed different design criteria for riprap as a local
scour countermeasure, riprap stability is still an issue. As referenced by Melville &
Coleman (2000), riprap layer at bridge piers can fail due to four mechanisms that were
observed during the laboratory studies of Parola (1993), Chiew (1995) and Melville et
al. (1997). These four failure mechanisms are the shear failure, winnowing failure, edge

failure and bed-form undermining as explained here:

e Shear failure happens where the hydrodynamic force of the flow can move the

riprap, and therefore riprap no longer able to protect the riverbed grains.

e Winnowing failure occurs by the turbulence and seepage flows through the
voids between the riprap, which can erode the finer riverbed grains. The rivers
with sand bed materials have more potential for winnowing failure than the

rivers with coarser bed materials.

e Edge failure starts from the border of the riprap layer, where the riprap is not
sufficiently extended laterally. Therefore, the eroded riverbed grains at the

border of the riprap layer can undermine the riprap.

e Bed-form undermining takes place where the large dunes are formed at the

riverbed, which can damage the riprap layer.

The stability of riprap as a local scour protection has been investigated by several
researchers. Lauchlan & Melville (2001) studied the effects of bed degradation on
riprap protection at bridge piers and reported that riprap protection is not sufficient for
bed scouring when the channel bed degrades. As discussed by Yoon & Kim (2001), the
stability of riprap scour countermeasure improves in a collective body (sack gabions)

rather than as individual riprap.
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Chiew (2002) considered the results of investigations conducted over the past 25 years
and identified five failure mechanisms related to the use of riprap at bridge piers
including shear failure, winnowing failure, edge failure, bed-form induced failure and
bed-degradation induced failure. Each of these failure mechanisms has the potential to

cause the eventual breakdown of the riprap layer.

For a degrading channel Chiew (2004) investigated riprap stability at bridge pier. He
reported that riprap around a pier would eventually develop into a stable mound when
the bed shear stress reduces with bed degradation. However, the mound is very
vulnerable to another designed flood flow accompanied by large dunes, and this type of

riprap instability may be called bed-degradation induced failure.

As mentioned by Beg & Beg (2013), riprap layers often fail to protect bridges during
floods due to the general movement of sediment during severe flood conditions. The

movement of bed sediment loses the stability of riprap stones.

According to Wang et al. (2017), riprap could only provide limited improvement to the
nominal resistance. When the flood is coming, riprap might not be stable to withstand
high approaching stream velocities and buoyant forces. Therefore, riprap might be
eroded during the flood. The other disadvantages of riprap are influencing on the local
ecological system, requiring a regular fix, and having complicated installation as stated

by Wang et al. (2017).
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2.6.2. Local Scour Countermeasures Using Flow Altering Devices

A number of researchers as cited by Tafarojnoruz et al. (2010) and Singh et al. (2020)
have introduced new flow-altering devices or evaluated the performance of the existing
devices to prevent local scour around bridge piers. Using the review framework of
Tafarojnoruz et al. (2010), recent research in flow-altering devices is presented in the

following section.

e Collar

Collar is generally a thin circular disk which attached around a pier as shown in Figure
2.8. As stated by Ettema (1980), Dargahi (1990), and Fotherby (1992), the basic
mechanism of local score reduction by a collar is that this device shields the sediment
bed from the down-flow and horseshoe vortex. As reported by Chiew (1992), the scour
depth can be halved for a circular pier with a collar of diameter equal to twice that of the
pier. Additionally, he reported that the effectiveness of a collar increases when it is

placed below the bed level.

0
A\

Pier

Channel Bed
B . /

Figure 2.8. Collar on pier (modified from Kumar et al., 1999)

Kumar et al. (1999) proposed Equation (2.10) for estimation the maximum scour depth
around a circular bridge pier fitted with a collar for the uniform-sized sediment in clear-

water scour condition (see Figure 2.8).
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dS —dS B 1.612 H 0.837 210
<#> = 0.057 (—) (—) (2-10)
ds, D y

Where, following the nomenclature of Kumar et al. (1999)

ds, = depth of scour on pier without a collar

ds. = depth of scour on pier with a collar

B = diameter of collar

D = diameter of circular pier

H = elevation difference between water surface and collar surface

y = depth of water above bed elevation

According to Equation 2.9 and also as discussed by Chiew (1992), Zarrati et al. (2004),
Moncada-M et al. (2009), Gogus & Dogan (2010), Kumcu et al. (2014), and
Khodashenas et al. (2018) the efficiency of a collar increases by increasing the collar
width and by placing it at or below the original bed level. Nevertheless, based on Zarrati
et al. (2006), a collar wider than three times of the pier diameter (B > 3xD) is not
practicable. In addition, Zarrati et al. (2004) stated that placing a collar below the
original bed level may extend the scour hole around the pier and increase the scour

depth downstream of the collar.

Mashahir et al. (2004) investigated the development of scour around a bridge pier
protected by a collar as a function of time. They concluded that the collar might delay

the scour development around the pier.

Based on Salamatian & Zarrati (2019), a collar may increase the reliability of bridge

piers at low flow intensities.
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The results of previous studies show that the best effectiveness of a collar achieves
when it is placed at or below the bed level. A collar which is placed at or below the bed
level does not affect the flow field such as down-flow, horseshow vortex or wake
vortex, and just armour the bed sediment. Therefore, it may be concluded that a collar
acts as an armouring device, and should not be considered as a flow-altering device.
Consequently, collars may fail to protect the bridge due to similar failure mechanisms to

other armouring devices.
e Slot in the Pier

As presented by Chiew (1992), a slot reduces the local scour either by diverting the
down-flow away from the bed or by decreasing the down-flow impinging on the bed.
The parameters that affect the performance of a slot are width, length and location of the
slot, as shown in Figure 2.9. Chiew (1992) found that a slot with a width of 0.25 pier
diameter that located near the water surface or the bed level can reduce the clear-water
scour by as much as 20%, whereas a one-half-diameter-wide slot placed near the water

surface affords up to 30% of clear-water scour reduction.

\\
A\

Figure 2.9. Bridge Pier with Slot; a) slot near bed; b) slot near water surface
(modified from Chiew, 1992)

Kumar et al. (1999) experimentally studied the effects of slots on the reduction of the

local scour around bridge piers and concluded that slots could be effective if the slot
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extends into the bed. However, a slot is not effective if the upstream flow direction and
slot are not aligned. Similar results have been reported by Heidarpour (2002) and
Moncada-M et al. (2009), that the most favourable location of a slot to decrease the
local scour is near the bed. Moncada-M et al. (2009) also concluded that the axial scour
hole shape depends neither on the length nor on the location of the slot. Based on
Kumar et al. (1999) and Grimaldi et al. (2009b), a slot may be more efficient if it is
partially fixed into the bed. Hajikandi & Golnabi (2017) experimentally compared the
straight, T-shaped, and Y-shaped slots (Figure 2.10) and reported that T-shaped slot is
not appropriate configuration. In addition, it is concluded that Y-shaped slot produces
deeper scour depths at the pier compared with the straight slot, but since the slope of the
scour profiles in the presence of Y-shaped slot is steeper, a smaller scour hole is

generated.
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Figure 2.10. Bridge Pier with Slot; a) straight slot; b) T-shaped slot; c) Y-shaped slot
(modified from Hajikandi & Golnabi, 2017)

On the other hand, a slot has several limitations. As discussed by Kumar et al. (1999)

and Heidarpour et al. (2003), one of the critical weakness of a slot is that its
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effectiveness decreases significantly as the angle of attack increases. As mentioned by
Melville & Coleman (2000), using the slot as a scour countermeasure depends on the
other factors such as the presence of debris that could block the slot, and flow skewness
that may render the device ineffective. As discussed by Beg & Beg (2013), a slot cannot
be considered as a good scour protection device due to the limitations of this method.
They mentioned that slot reduces the strength of pier structure. Also, debris and floating
materials can block the slot space. Based on the previous studies, it may be concluded
that the disadvantages of a slot are more than its benefits, and also this method may not

be applied to the existing piers.
e Sacrificial Piles

Sacrificial piles are a single or a group of piles placed upstream of a bridge pier. As
presented by Melville & Hadfield (1999), Chiew & Lim (2003), and Haque et al. (2007)
the intention of this approach for mitigating local scour is to deflect the high-velocity
flow and to create a lower velocity wake area which has less erosive capability. Some
parameters including the number of piles, their protrusion (partially or fully submerged)

and their configuration affect the efficiency of this method.

Melville & Hadfield (1999) studied the effects of a group of sacrificial piles to protect a
bridge pier from local scour, as illustrated in Figure 2.11. As recommended by Melville
& Hadfield (1999), sacrificial piles can be used as a scour countermeasure when the
flow remains aligned, and the flow intensity is relatively small. They also pointed out
that the effectiveness of sacrificial piles is reduced under live-bed condition, due to the

passage of bed-forms.

Figure 2.11. Sacrificial piles upstream of a circular pier (Melville & Hadfield, 1999)
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Chiew & Lim (2003) proposed sacrificial sill at the upstream of a pier as a local scour
countermeasure. Based on their experimental study, they reported the best effectiveness
of a sacrificial sill achieved when the "sill is vertical, the sill height is larger than 0.3
times the depth of flow, the clear distance between the pier and sill is 4.4 times the pier

width, and the angle of attack is zero."

Haque et al. (2007) suggested a group of transverse sacrificial piles (see Figure 2.12) in
order to fill the scour hole around the pier by the scoured materials from the sacrificial

piles.

Flow
— 8 Piles Pier
O

Figure 2.12. Transverse sacrificial piles upstream of a pier (modified from Haque et

al., 2007)

The benefit of these sacrificial devices is that they can be applied for both new and
already existing bridge piers. However, the size and shape of the sacrificial piles remain
unclear in the study of Melville & Hadfield (1999). Furthermore, the installation
location, number of piles, their configurations and degree of submergence needs further
investigation including, consideration of the potential for a group of sacrificial piles to

trap debris during flood events.

e Jowa Vanes

Iowa vanes have been proposed by Odgaard & Wang (1987) as a local scour
countermeasure. lowa vanes are vertical plates installed in the stream bed just upstream

of the pier and angled outwards. As latter discussed by Odgaard & Wang (1991), the
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mechanism of these vanes to reduce the local scour includes producing secondary flow
circulation, changing the bed shear stress, and altering hydraulic conditions and
sediment transport rate. According to the results of experiments by Parker et al. (1998),
Iowa vanes did not perform adequately as a countermeasure against bridge scour under
mobile-bed condition. As reported by Melville & Coleman (2000), experimental study
has been conducted to investigate the use of lowa vanes for pier scour reduction under
live-bed condition by Lauchlan (1999). His experimental setup is illustrated in Figure
2.13. He concluded that although the maximum scour depth reduction was significant in
some tests (30% to 50%), no significant trends were evident in the data. The angle of
attack (o) and the streamwise spacing (e) (see Figure 2.13) are important parameters

affecting the performance of lowa vanes.

Figure 2.13. The use of lowa vanes as a pier scour countermeasure (modified from

Melville & Colleman, 2000)

e Delta Wing

Gupta & Gangadharaiah (1992) proposed a vane in the shape of a delta wing placed

horizontally upstream of the pier with pointed edge directed upstream to reduce the
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local scour around a bridge pier (see Figure 2.14). They stated that this device reduces
the local scour by barricading the vortex development, and producing counter-rotating

vortices against the horseshoe vortex.
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Figure 2.14. Schematic of a delta wing (modified from Gupta & Gangadharaiah,
1992)

e Pier Group

A group of three smaller circular piers was studied by Vittal et al. (1994) as a scour-
reduction device. They reported that this method is more effective than a solid pier with
a full slot of 0.50 times its diameter. In addition, it is as effective as a solid pier with a
collar of 3.50 times its diameter. Furthermore, they stated that a collar on a pier group is
more efficient than a collar on a solid pier. However, they did not consider the
suitability of the method for existing bridges; consideration of the method suggests that

it is not applicable for existing bridges.
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e Permeable Sheet Pile

Permeable sheet pile may be considered as another type of vanes (see Figure 2.15). As
reported by Parker et al. (1998), the idea of this method is based on the permeable dikes
as river training devices. In fact, this device allows sediment-laden water to pass
through a lattice that slows the flow down significantly, thus causing the sediment to
settle out. If permeable sheet pile is placed upstream of a pier, some of the near-bed
flow would be deflected from the bridge pier thereby reducing the approach velocity
which decreases the strength of the horseshoe vortex (Parker et al. 1998).The significant
drawback of permeable sheet piles is that they may be blocked by sediment, debris and
other floating materials. In this condition, the degree of contraction to the flow cross
section increases and consequently more scour happens. Therefore, this method cannot

be considered as a suitable local scour protection.

Flow

Pier

Figure 2.15. Permeable sheet pile upstream of a pier (Parker et al., 1998)

e Internal Openings through the Pier

This countermeasure is made by penetrating some tubes inside a pier, as shown in
Figure 2.16. As reported by El-Razek et al. (2003) the effectiveness of this method
depends on several parameters such as the opening diameter, angle of inclination (o),
and Froude number. However, they did not discuss how these tubes affect the flow field

around the pier.
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Figure 2.16. Internal openings through the pier (modified from El-Razek et al., 2003)

e Surface Guide Panels

Surface guide panels as described by Huang et al. (2005) comprise two vertical panels
which are installed upstream of a pier (see Figure 2.17). According to Huang et al.
(2005), the upward flow below the guide panels reduces near-bed shear flow and
weakens the horseshoe vortex. Moreover, the local sediments deposition at the panels
may drop into the scour hole around the pier. these two mechanisms may reduce the

local scour around the pier (Huang et al. 2005).
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Figure 2.17. Surface guide panel; a) side view; b) plan view (modified from Huang et
al., 2005)

e Threaded Pier

Dey et al. (2006) found that a threaded pile (helical wires or cables wrapped spirally on
the pile to form threads) as shown in Figure 2.18 can reduce the local scour depth
around a bridge pier. They stated that cables wrapped spirally on the pier help to
diminish the strengths of the down-flow and horseshoe vortex. The results of their
experiments showed that the depth of local scour decreased with increases in cable

diameter and number of threads, and with a decrease in thread angle (o).
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Figure 2.18. Threaded pier - helical wires or cables wrapped spirally on the pile to
form thread (modified from Dey et al., 2006)

e Bed Sill

As considered by Grimaldi et al. (2009a), a bed sill at the downstream of a pier can be
used as a countermeasure against local scour around the pier. They declared that the bed
sill seems to be not effective at the beginning of the test and when the scour hole
develops sufficiently and interacts with the countermeasure, the bed sill is more
effective. They stated that a bed sill seems to act on the lower portion of the wake
vortices. The results of their experiments showed that the effectiveness of this
countermeasure increased when the distance between the pier and the bed sill decreased.

When this distance is zero, bed sill excludes the wake vortices from the scour hole.
e Subsidiary Triangular Pillar

Fouli & Elsebaie (2016) proposed a subsidiary triangular pillar as a flow altering

device. They considered a width for this subsidiary pillar equal to the pier diameter. It
was also full depth. Three apex angles (60", 90", and 120°), and six spacing among the
pier and the pillar (0, 0.5D, 1D, 1.5D, 2D, and 3D) were tested under clear water scour

conditions. They concluded that this pillar can reduce the maximum scour depth by
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28% when the apex angle is 90°, and the distance between the pillar and the pier is
equal to 3D. However, Fouli & Elsebaie (2016) did not report changes in flow field
arising from implementation of the subsidiary triangular pillar. The absence of this data

renders interpretation of the outcomes difficult.

In addition, the dimensions of the subsidiary triangular pillar are similar to those found
in upstream piers. There is a question therefore whether the scour reduction arising from
the subsidiary triangular pillar should be considered in the category of tandem piers

rather than as a flow altering device.

e Roughened Bridge Piers

Abdelhaleem (2019) investigated the effects of the pier surface roughness as a local
scour countermeasure. As stated by Abdelhaleem (2019), the mechanism of this
countermeasure is creating turbulence and producing kinetic energy upstream of the
pier. These changes delay flow separation and move the stagnation point toward the
downstream of the pier. Accordingly, the strengths of the down-flow and horseshoe
vortex become weaker. He concluded that the roughened piers can reduce the scour
depth and volume, but extend the length of the scour hole at the upstream of the bridge

piers.

Tafarojnoruz et al. (2010) carried out a broad literature review on flow-altering
countermeasures. Based on the shape and performance of these devices, they classified
them into four categories, including (i) openings through piers such as slot, and pier
group; (i1) pier attachments such as collar, delta wing, and threaded pier; (iii) bed
attachments such as sacrificial piles, lowa vanes, permeable sheet pile, and bed sill; and
(iv) other devices such as modifying pier shape. Based on this classification the

following conclusion can be drawn.

Opening through pier countermeasures such as pier group or pier slot may reduce the
scour depth by passing a part of the flow via the inner openings of a pier or between
smaller piers, and consequently decreasing the strength of the down-flow and the
horseshoe vortex. However, debris and floating materials during floods may also reduce
the efficiency of these methods due to the blocking the slot or the gaps between the
piers as stated by Vittal et al. (1994), Chiew (1992), Tafarojnoruz et al. (2010), Beg &
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Beg (2013). Additionally, the opening through piers may not be applicable for existing

pier because of reducing the strength of the pier structure.

Pier attachments such as the collar, delta wing, and threaded pier should be attached to
the pier. These devices may reduce the pier-scour at the beginning of the scour process.
However, it seems that when the scour-hole develops, they cannot protect the pier due

to their connection to the pier.

Bed attachments such as sacrificial piles, lowa vanes, permeable sheet pile, and bed sill
are independent structures that should be installed at the upstream or downstream of the
pier. These devices can be applied to both the existing and new waterway bridges.
However, the scour around these structures is an important issue which affects the
performance of this type of scour countermeasure. In addition, their size is another
concern because making the size larger may produce a contraction to the flow and

increase the potential of scour.

The fourth category of flow-altering countermeasures such as modifying pier shape,
may not be appropriate for an already existing bridge. Although the pier shape is an
effective factor in the amount of pier-scour, it cannot protect the pier when the scour-

hole develops.

A comparison between some of the proposed flow-altering devices is summarised in
Table 2.4. It is worthwhile to mention that the maximum scour depth reductions, which
are observed in Table 2.4, achieved in different experimental conditions. In other words,
the flow characteristics, sediment properties, pier geometries and time were not similar
in different conducted researches. Therefore, some dissimilar results were reported. For
example, four unlike values were reported as the maximum reduction of local scour by
collar from 27% (Mashahir et al. 2004) to 100% (Moncada-M et al. 2009). In addition,
the efficiency of the most previous flow altering devices was reported only based on the
maximum scour depth reduction rather than the reduction of the scour hole volume.
Although the maximum scour depth is an important factor, it happens at a specific point
and finding this point and then measuring its depth might not be very accurate by using
a point gage as reported in the most of those studies. Therefore, the comparison between
different devices based on the maximum scour depth reduction may not be completely

meaningful. Furthermore, the size and the installation location of the previously
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proposed flow altering devices were not fully discussed, and the results were described
based on some limited experimental work. In addition, as given in Table 2.5 the
disadvantages of flow altering devices such as slot, internal connecting tubes, and pier

group greatly outweigh their benefit and are not applicable for already existing bridges.
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Table 2.5. Summary of different flow-altering devices as a pier scour countermeasure

Methods Maximum scour depth reduction % Advantages Disadvantages
] When general sediment transport occurs, the trough of a migratin,
50% (Chiew 1992 * g ISP ’ £ staling
* OA) ( oW ) . bed form may expose the pier beneath the collar. Under such a
® 30% (Richardson & York 1999) o Applicable for both new and condition. it loses its effectiveness
Collar ® 27% (Mashahir et al. 2004) existing bridges o Actsias a1’1 armourine devi d f 1 hani ¢ .
o g devices and failure mechanisms of armouring
® 100% (Moncada-M et al. 2009) device may happen for collar
« 30% (Chiew 1992) o Ineffective if the approach flow and the slot are not aligned.
.3 8"; (Moncada-M et al. 2009) ) o Debris and floating materials block the slot
Slot . 38(y0 (Hajikandi & Golr;abi 2017) o Reduction of the strength of pier structure
’ J e May not applicable for existing bridge
Internal
openings o : ) . .. .
through the ® 39% (El-Razek et al. 2003) e May not applicable for existing bridge
pier
. o . i e Not applicable for existing bridge
Pier group * 39% (Vittal et al. 1994) o Debris and floating materials block the slot
Threaded pier « 46.3% (Dey et al. 2006) e Applicable for both new and e When the scour hole developed, cannot protect the pier due to its
=7 ey ’ existing bridges connection to the pier
Delta wing « 67% (Gupta & Gangadharaiah 1992) . Appl}cable' for both new and e When the scour hol'e developed, cannot protect the pier due to its
existing bridges connection to the pier
e Applicable for both new and . .
Ro.ughen.ed « 29% (Abdelhaleem 2019) sretstlng e e When the scour hol.e developed, cannot protect the pier due to its
bridge piers connection to the pier
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Table2.5. (cont.) Summary of different flow-altering devices as a pier scour countermeasure

Methods

Maximum scour depth reduction %

Advantages

Disadvantages

Sacrificial piles

® 56% (Melville & Hadfield 1999)

o Applicable for both new and
existing bridges

o Ineffective for flow skewness more than 20°

o Unsuccessful for high flow intensity

e Accumulation of debris and floating materials around the
unsubmerged sacrificial pile

o High degree of contraction to the flow cross section

e Chance of the collision with the boats and ships for the rivers with
navigation for full-depth piles

Iowa vanes

® 50% (Lauchlan 1999)

o Applicable for both new and
existing bridges

o Accumulation of debris and floating materials around this device

e High degree of contraction to the flow cross section

o Chance of the collision with the boats and ships for the rivers with
navigation for full-depth piles

Permeable sheet
pile

® 47% (Parker et al. 1998)

o Applicable for both new and
existing bridges

o Accumulation of debris and floating materials around this device
o Chance of the collision with the boats and ships for the rivers with
navigation for full-depth piles

Surface guide
panels

* 90% (Huang et al. 2005)

o Applicable for both new and
existing bridges

o Accumulation of debris and floating materials around this device

e High degree of contraction to the flow cross section

o Chance of the collision with the boats and ships for the rivers with
navigation for full-depth piles

Subsidiary
triangular pillar

e 28% (Fouli & Elsebaie (2016)

e Applicable for both new and
existing bridges

e Accumulation of debris and floating materials around this device

e Chance of the collision with the boats and ships for the rivers with
navigation for full-depth piles

o High degree of contraction to the flow cross section due to its size

Bed sill

® 26% (Grimaldi et al. 2009a)

o Applicable for both new and
existing bridges

o Bed sill is not effective at the beginning of the scour process, when
there is the maximum rate of local scour
e potential of increasing scour at downstream of the bed sill
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2.7. Summary

According to the analysis of the outcomes of previously published studies in the
literature, it can be concluded that the vast majority of investigations in the field of local
scour have focused on the mechanism of this phenomenon. Therefore, it may be
claimed that the mechanism of local scour related to the flow field around the bridge
piers is well known to the researchers. However, the number of studies in the field of

local scour countermeasures is limited compared to other aspects of the local scour.

Review of the previously published studies on the local scour countermeasures indicates
that the main idea is to armour bed sediment as a countermeasure, while only a small
number of studies has been conducted on changing the flow field around bridge piers as
a means of controlling and reducing the local scour. Commonly used armouring devices
may fail to protect bridge piers from local scour. This outcome arises from the different
potential failure mechanisms including shear, winnowing, edge and bed-form
undermining. Every year, several bridge failures are reported that were protected by
armouring devices. Alternatively, the specific types of flow altering devices can have
the potential to protect pier and as reported by Beg & Beg (2013) are more economical.
The better economics of flow altering devices is especially the case when riprap or other

material is not available near the bridge site or is costly.

Flow altering devices such as collar, slot, delta wing, threaded pier, and roughened
bridge piers should be placed around or in a bridge pier. These devices may reduce the
local scour around a pier at the beginning of the scour process. However, it seems that
when the scour hole develops, they cannot protect the pier due to their connection to the
pier. On the other hand, bed attachment flow-altering devices, which are independent
structures and should be placed at the upstream or the downstream of the pier, have
more potential to protect the bridge piers from the local scour failure. However, as
explained in the earlier sections, the previously proposed bed attachments such as
sacrificial piles, lowa vanes, permeable sheet pile, surface guide panels, and bed sills

have some major disadvantages that make them not completely successful.

According to the results of the previous studies, the significant factors including the
shape, size, and place of installation affect the efficiency of this type of independent

flow-altering devices. However, these important factors were not completely studied in
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the previously proposed bed-attachments. It is noteworthy to state that the
disadvantages of those bed-attachments are mainly related to overlooking of these

important factors.

The analysis of the published literature outlined above has indicated that flow altering
devices had the potential to modify flow field in a manner that mitigates local scour.
However, the implementation of these devices is hampered by the lack of guidance on
shape, size and location. Furthermore, the shear stress causing the local scour is
maximised at the bed. This poses a question of what height of device within the water
column is required to mitigate local scour without influencing other users such as bridge
structure and river channels. Further investigations are required to fill this void of

information.

In this study, a triangular prism refer to flow diversion structure (FDS) is proposed as an
upstream bed attachment with the intention to divert the streamlines from the pier, thus
reducing the potential of waterway bridge failure due to local scour around piers. The
shape, size, and installation location of this new countermeasure are fully considered in
the stepwise comprehensive experimental studies. In addition, the effects of this new
countermeasure on the flow field around a circular pier are studied experimentally. All

the experimental studies are presented in the next three chapters.
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CHAPTER 3

Preliminary Experimental Investigation of Flow Diversion

Structure as a Pier Scour Countermeasure

55



3.1. Introduction

In the preceding chapter, a comprehensive literature review was presented on the
mechanism of local scour around bridge piers and countermeasures against this
problem. As discussed therein, the complicated flow field around bridge piers causes
local scour and represents the most important cause of waterway bridge failure.
Therefore, a solution to mitigate local scour would be to change the flow field around

bridge piers.

In this chapter, a new triangular flow altering device, referred to as -low diversion
structure” (FDS) is introduced. In assessing this FDS, a two-stage experimental study
was employed. The first stage described in this chapter is a proof of concept; in other
words, will the proposed FDS produce desirable outcomes. The second stage will be
presented in the next chapter. For these proof of concept experiments, only a single set
of dimensions for the FDS were considered. Consideration of alternative dimensions

and their influence on local scour is the focal point of the next chapter

The proposed FDS has a triangular prismatic shape with dimensions much smaller than
the pier and should be installed upstream of the pier. The main principles for selecting

the shape of the FDS are presented in this Chapter.

Experimental studies on both local scour and flow field were conducted to examine the
performance of the FDS for reducing local scour and changing the flow field around a
circular pier. The procedures and the results of these experiments are also presented in

this Chapter.

3.2. Selection the Shape of Flow Diversion Structure

The main hypothesis of this research study is use of a triangular FDS would mitigate the
local scour around a bridge pier. The FDS achieves this by diverting the streamlines and
changing the flow field in the vicinity of the pier. As discussed in Chapter 2, the shape
of this structure is an important factor. To select an appropriate shape, the following

principles have been considered.
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Firstly, this structure should be able to divert the streamlines in the vicinity of the pier.

Secondly, the created wake behind the structure should be sufficiently wide that
incorporates the pier. As concluded by Roshko (1954) for aeronautic purposes, the wake
widths behind a normal plate, a triangular, and a circular shape are from broadest to
narrowest, respectively (Figure 3.1). In Figure 3.1, U, is the approach flow velocity, Us

is the velocity at separation point, d is the width of the structure, and d" is the wake
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Figure 3.1. Wake width behind different structures (Roshko 1954)

Thirdly, the local scour around the structure should have a low amount. As discussed by

several investigators, such as Melville & Coleman (2000), Richardson & Davis (2001),

Ettema et al. (2011), and Al-Shukur & Obeid (2016) the pier shape affects the amount

of local scour. Based on Melville & Coleman (2000), the effect of pier shape on local
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scour can be considered by a shape factor. They defined this factor as the ratio of the
scour depth for a specific shape to that for the standard shape, namely circular pier.
Their recommended shape factors for different pier shapes are given in Table 3.1.
Similar values for shape factors have been presented by Richardson & Davis (2001) and

Al-Shukur & Obeid (2016).

Table 3.1. Shape factors for different pier shapes (modified from Melville & Coleman
2000)

Pier Shape Shape Factor

l

) Flow direction
Circular 1

Flow direction
Round Nosed

|

|

Flow direction

Triangular Nosed 0.9

l

Flow direction
Square Nosed 1.1

It should be mentioned that based on Melville & Sutherland (1988), the maximum
possible scour depth (dse) that can occur at a circular pier is estimated as 2.4 times the
diameter of the pier. With consideration of the shape factors, the maximum possible
scour depth for square and triangular nosed piers can be estimated as 2.64D (1.1x2.4D)
and 2.16D (0.9%2.4D), respectively. In other words, local scour for square nosed pier is

22% more that triangular nosed and 10% more than circular and round nosed piers.

Having considered the above principles, it can be resulted that all of the above shapes
can divert the streamlines in the vicinity of the pier. Regarding the wake width and
scour depth, performance of the square nosed shape and normal plate are almost similar.
These two shapes produce broadest wake width but more scour occurs around them.
Therefore, normal plate and square nosed pier cannot be considered as the proper
shapes. On the other hand, comparison between triangular nosed and circular shapes
shows that triangular nosed shape produces wider wake and lower scour than circular
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pier. Furthermore, triangular structure can divert the streamlines more smoothly than the
other shapes, because this shape is more similar to streamlined body than the other
shapes. Therefore, a triangular prism has been selected as an effective shape for the
proposed structure and named flow diversion structure (FDS). Fouli & Elsebaie (2016)
independently proposed the use of an upstream triangular pier to mitigate scour. These
independent proposals for an upstream triangular shape structure confirm the suitability
of this shape. Hence an FDS with a triangular shape was used in these proof of concept

experiments.

An experimental study is designed here to examine the above hypothesis including the
performance and effectiveness of this new countermeasure for changing flow field and
subsequently its effect on pier scour. The experimental program is explained in the

following sections and the results were compared with the results of circular FDS.

3.3. Experimental Setup and Procedure

3.3.1. Laboratory Flume

A rectangular glass-sided flume with the length of 15 m, width of 0.70 m, depth of 0.60
m and with the longitudinal slope equal to 0.0004 was used for the first set of
experiments. The discharge was supplied from a constant head tank and measured using
a Danfos electromagnetic flow-meter with an accuracy of +1%. This flume was also
equipped with a digital point gauge of 0.1 mm accuracy to measure the scour-hole
topography, an ADV to measure the flow velocity component, and a downstream sluice
gate to regulate the water depth. The working section in the flume comprised a sediment
recess, which had 3.0 m length and 0.12 m depth, and was placed at 9.0 m downstream

from the inlet to achieve a fully developed flow.
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3.3.2. Design of Experiment Conditions

The design of the experimental conditions is an important component of the experiment.
To maximise the utility of the experiments, the literature pertaining to laboratory tests to
estimate scour was reviewed. Constraints as experimental conditions identified in this

review are outlined below.

The pier diameter was chosen to minimise the effect of contraction on the scour depth.
Based on Melville & Coleman (2000), the ratio of the flume width to the pier diameter
should be more than ten to avoid a contraction effect. In these experimental tests, a pier
with a diameter of 50 mm was adopted; and the ratio of the flume width to the pier
diameter (W/D) was 14, thereby satisfying the constraint of Melville & Coleman
(2000).

Melville & Sutherland (1988) reported that the maximum possible local scour depth for
an aligned' circular pier is equal to 2.4D. In addition, the scour depth is not affected by
the grain size when the ratio of the pier diameter to median size of bed sediment is more
than 50 (Ettema 1976). Therefore, the experimental tests were conducted using 120 mm
thick uniformly graded sand with a median grain size of dso = 0.8 mm to satisfy these

two criteria.

Based on Melville & Coleman (2000), the pier diameter to the water depth (y) ratio
should be less than 0.7 to avoid water depth effects on the local scour depth. Hence, the

water depth used in the experiments was set to be 100 mm to satisfy this requirement.

The maximum local scour depth in uniform sediment occurs when the cross-sectional
averaged velocity (V) is equal to the critical mean flow velocity for sediment
entrainment (V) as discussed by Melville & Coleman (2000). They proposed some
relationships (Equations 4.4 and 4.5) to estimate V. as a function of the water depth and
the median grain size. In this preliminary laboratory test, the critical mean flow velocity
was obtained as 0.312 m/s. The mean flow velocity was considered 0.3 m/s close to the
critical mean flow velocity for sediment entrainment. Therefore, the flow rate (Q=

VxyxW) was calculated to be equal to 21 L/s.

1 - pier located in a straight section of a river
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The flow diversion structure, employed in this study, was prismatic in shape with an
isosceles triangle cross section. The lateral base was 10 mm, the longitudinal base was
25 mm, the height was full-depth, and located at 6 different spacings from the pier (i.e.,
d/D=0.5,1,1.5,2, 2.5 and 3.5 where d is the clear distance between the pier and FDS).

Figure 3.2 schematically shows the preliminary experimental test set up.

mm

—«d=Variable~—

Longitudinal Profile

Figure 3.2. Schematic diagram of the preliminary experimental setup

3.3.3. Experimental Procedure

Firstly, the pier and the flow diversion structure were mounted at the centreline of the
flume. After that the bed material was placed and levelled in the sand recess. Then, the
water began flowing in the flume from downstream using a very low flow rate to
maintain the levelled sand bed. The water depth was adjusted to the designed depth (0.1

m), and then the flow rate was slowly increased to the target rate (Q=21 L/s). The
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tailgate was utilised to maintain the designed water depth. After 24 hours, the pump was
turned off, and the flume was drained. The final bed topography was measured by a
digital point gauge. The experimental tests were repeated with different distances
between the pier and the flow diversion structure. Additionally, to recognise the effects
of this structure on the amount of local scour, a control test was conducted without the

flow diversion structure.

To find out the effects of FDS on the flow field, the flow velocity components were
measured in the control test and the tests with d/D = 1.5 with fixed be (no sediment).
Three components of flow velocity were measured using a Micro-ADV or Acoustic
Doppler Velocimetry (ADV) with a frequency of 50 samples per second. The Micro-
ADV is a doppler velocity meter designed for laboratory with simple operation and no
need for periodic recalibration (Sontek 1997). The ADV measures the velocity based on
the change in frequency of the Doppler shift. The acoustic probe consists of three
receivers and one transmitter. Ambient particles reflect the sound in three dimensions
and some portions of this reflected signal are detected by the receivers. Since the
sampling volume is located at 50 mm below the acoustic transmitter, there is no
disturbance due to the probe. The velocity was measured in a grid of 35 nodal points
(P1:P35) between the pier and flow diversion structure as shown in Figure 3.3. The
measuring points were selected based on the capability of the ADV to measure the
velocity. When the ADV probe is located near an object such as a pier model the
accuracy of data may significantly reduce. It should be mentioned that the available
ADV (Velocimeter) must be located in the water column for viable measurement. As
the sample water must be 50 mm below the probes, only the bottom 50 mm velocity can
be sampled. As it is the near-bed velocity that is the most significant, this limitation was
not considered significant. More detailed analysis of the flow field was also undertaken
using PIV technologies capable of measuring the boundary layer around the pier. These

results have been presented in Chapter 5.

The measurement was made at the flume centreline. To control the accuracy of velocity
data, two key parameters, namely, the signal to noise ratio (SNR) and the correlation
coefficient (COR), should be checked. The best range of SNR and the COR for
reporting reliable velocity data are higher than 15 dB and 70%, respectively (Sontek

1997). In the present experiments, all reported SNR and correlation coefficients were
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checked at the beginning of each experiment to be within the acceptable ranges. Figure

3.4 illustrates the measuring velocity components by ADV.

50 mm

25 mm
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Figure 3.3. Schematic diagram of grid points positions for measuring velocity

components (longitudinal view)

Figure 3.4. Photographs of measuring velocity components by ADV; a) control test;
b) test with d/D=1.5
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3.4. Results and Discussion

A flow diversion structure (FDS) to be used as a new countermeasure against local
scour around a bridge pier has been tested experimentally. This experimental study was
conducted to investigate the effects of the FDS on local scour and flow field around a

circular pier.

A total of seven tests were conducted for situations of test with single pier without the
FDS and six tests with single pier plus the FDS. The FDS was installed at six alternative
locations upstream of the pier (namely d/D = 0.5, 1, 1.5, 2, 2.5 and 3.5). The duration of
each experiment (T) was 24 hours because after this time no sediment movement
around piers was noticed. All tests were conducted under clear water scour conditions.
The hydraulic conditions for the above experimental tests are presented in Table 3.2.
According to the Froude number, which is defined as the ratio of the velocity and wave

speed, all tests were performed under the subcritical flow condition.

Table 3.2. Characteristics of the preliminary tests

Test No. d/D (h(’)Il‘ll‘) (I?/s) (fn) (n‘:/s) VIV, Froude number (Fr)
1 tegéig“ég’ls) 24 21 0.1 03 096 0.3
2 0.5 24 21 0.1 03 096 0.3
3 1.0 24 21 0.1 03 096 0.3
4 1.5 24 21 0.1 03 096 0.3
5 2.0 24 21 0.1 03 096 0.3
6 2.5 24 21 0.1 03 096 0.3
7 3.5 24 21 0.1 03 096 0.3
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3.4.1. Determination of the Maximum Scour Depth

e Triangular Prism FDS

Data shown in Table 3.3 are the maximum scour depth for each test. An analysis was
made to determine the reduction of scour depth when comparing to the maximum scour
depth for the control test (Test 1 in Table 3.2). This comparison is presented in Figure
3.5. Referring to Table 3.3 and Figure 3.5, it can be inferred that the maximum scour
depth occurs in the single pier case, and then scour depth decreased when a flow
diversion structure was installed at upstream. As it can be seen in Figure 3.5b, reduction
of the scour depth increases with an increase in the distance between the pier and the
FDS up to 1.5D; after this point, the scour depth reduction decreases with an increase in
d/D. The maximum reduction in scour depth was 38% when d/D=1.5. Furthermore, for

d/D>2.5, less changes in the reduction of the maximum local scour depth was found.

Table 3.3. Tests conditions and scour depth characteristics

Test No. a/D Maximum scour Maximum scour depth reduction with
depth (mm) comparison to Test 1 (%)
1 0 (Conlzg)ls‘;est, no 77 0
2 0.5 61 21
3 1.0 51 33
4 1.5 48 38
5 2.0 54 31
6 2.5 68 11
7 3.5 73 5
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e Circular FDS

In order to compare the results with a circular flow diversion structure, the data of the
current study was compared with the data reported by Keshavarzi et al. (2018); this data
is available for the current study as the candidate participated in the study reported by
Keshavarzi et al. (2018). They experimentally investigated the effects on the local scour
depth for two in-line piers with different spacings aligned in the flow direction. Their
experiments were conducted under three clear water scour conditions with V/V.= 0.74,
0.91 and 0.93. In addition, uniform sand with ds; = 0.85 mm was used. To enable a
comparison between the experimental results obtained in the experiments reported
herein and those of Keshavarzi et al. (2018), it was assumed that the front pier
performed as a circular flow diversion structure for the rear pier. The results of
Keshavarzi et al. (2018) including the maximum scour depth, and the percentage
reduction of the maximum scour depth for the different spacings between the two in-
line piers, and three flow conditions are tabulated in Table 3.4. This data has been used
in Figures 3.6 to illustrate the outcomes of Keshavarzi et al. (2018). Referring to Table
3.4 and Figure 3.6, it can be seen that the maximum reduction in the scour depth at the
rear pier occurred when 1 < d/D <2 depending on the value of V/V.. Furthermore,
regardless of the value of V/V,, the maximum percentage of scour depth reduction was

16%.

e Comparing of results

The triangular and circular FDS have been compared based on normalised data from
this study and those reported by Keshavarzi et al. (2018). It is of interest to note that the
triangular prism FDS proposed in this study with dimensions much smaller than the pier
reduces the maximum scour depth by 38%. On the other hand, the scour depth reduces
by just 16% at the rear pier in the case of two in-line piers. Although triangular FDS
was tested in more critical condition than circular FDS, it was more efficient than
circular FDS. Therefore, it can be concluded that the shape of the flow diversion
structure is an effective factor for reducing the scour depth around piers. Accordingly, a

triangular prism FDS is introduced as a new countermeasure against local scour around
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bridge piers. The effectiveness of this shape was confirmed theoretically and

experimentally.

Table 3.4. Scour depth characteristics at rear pier in tandem arrangement (after

Keshavarzi et al., 2018)

Maximum scour depth reduction

Test d/D VIV, WER LIRS with comparison to single pier
No. depth (mm) case (%)
1 0 (single pier) 0.74 100 0
2 1 0.74 89.5 11
3 1.5 0.74 87.9 12
4 2 0.74 85.6 14
5 3 0.74 91.5 9
6 4 0.74 96 4
7 0 (single pier) 0.91 117.9 0
8 1 0.91 99.2 16
9 1.5 0.91 99.5 16
10 2 0.91 100 15
11 3 0.91 108.5 8
12 4 0.91 110.4 6
13 0 (single pier) 0.93 118.5 0
14 1 0.93 102.5 14
15 1.5 0.93 101.9 14
16 2 0.93 100.5 15
17 3 0.93 109.5 8
18 4 0.93 110.5 7
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3.4.2. Determination of the Scour Hole Volume

In this study, after achieving an equilibrium condition, scour hole profiles were
determined using a digital point gauge. This data was used to calculate the volume of
the scour hole using Surfer software, version 15. Table 3.5 summarises the scour hole
volume characteristics for seven preliminary laboratory tests. Figure 3.7 shows the
scour hole volume and the percentage reduction of the scour hole volume after
installation of the triangular flow diversion structure. As shown in Figure 3.7, usage of a
flow diversion structure reduces the scour hole volume. In addition, the distance
between this structure and the pier is a key factor, influencing the effectiveness of the
flow diversion structure. As can be seen in Figure 3.7b, when d/D is equal to 0.5, the
scour hole volume reduction is 32%. When d/D increases up to 1.5, the reduction in the
scour hole volume increases to 61%. The maximum reduction in the scour hole volume
was 61% when d/D = 1.5; after that point, an increase in d/D results in an increase in a
scour hole volume. Hence, for the dimensions of the proposed flow diversion structure
and the pier, the optimum clear distance to achieve the maximum reduction in scour
volume, was 1.5 times of the pier diameter. These results are aligned with the results

presented in previous section.

Table 3.5. Scour hole volume characteristics

Test a/D Scour hole v031ume Scour hol.e volul.ne reduction in
No. (1000mm") comparison with Test 1 (%)

1 0 (No FDS) 4,867 0

2 0.5 3,311 32

3 1.0 2,272 53

4 1.5 1,896 61

5 2.0 2,051 58

6 2.5 2,751 43

7 3.5 3,230 34
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3.4.3. Flow Field Analysis

Flow field around circular cylinders and their effects on bed scour have been
investigated in previous studies. The problem of local scour is also very sensitive to
many flow structural considerations, pier dimensions, and bed mobility parameters. The

key parameters are the pier size, the pier shape, the Reynolds number, the sediment
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sizes and shapes as stated by Zdravkovich (1977) and Martinuzzi & Tropea (1993). In
the studies carried out by Melville & Raudkivi (1977), Ettema (1980), and Dargahi
(1989) it was shown that scour around a pier commences firstly at the sides of the pier
and at the downstream wake and then bed scour by the dynamics of a horseshoe vortex
located upstream of the pier becomes dominant. This phenomenon was also observed
during the experimental tests in this study. However, no specific data were recorded. As
the focus of the study was not the scour mechanism but rather scour mitigation using an
FDS. The dynamics of the horseshoe vortex upstream of the pier consist of some

vortices developing in a series of horseshoe vortex structure enlargement (Baker 1980).

The focus of this section is on the flow field upstream of a pier following installation of
a triangular prism FDS at a distance upstream of the pier. The main purpose of these
preliminary tests is to find out how triangular prism changes the flow field, and

consequently local scour around a circular bridge pier.

In order to find out how the proposed triangular prism affects the flow field at the
upstream of a pier and, hence, produce a reduction in local bed scour around a bridge
pier, velocity components of flow were measured by a Micro-ADV. The streamwise
velocity component (u) and the vertical velocity component (w) at 35 grid points
(Figure 3.3) in Test 1 (control test) and Test 4 (best performing test regarding the local

scour reduction) were measured.

Figure 3.8 shows a comparison of the streamwise velocity component (u) in Tests 1 and
4. The positions of the 35 velocity measurement points (P1:P35), previously illustrated
in Figure 3.3, once again are presented in Figure 3.8a to allow easy comparison.
According to this figure, the streamwise velocities at all grid points in Test 4 were less
than those of Test 1. The averages of streamwise velocity components at these 35 grid
points in Test 1 and 4 were 0.23 and 0.07 m/s, respectively. It can be noted that the flow
diversion structure reduced the average of streamwise velocity component at upstream
of the pier up to 70%. The strength of down-flow and horseshoe vortex are dependent
on the magnitude of the streamwise velocity (u) at upstream face of the pier, therefore,
it can be concluded that these parameters may be reduced by installing the flow

diversion structure at a specific distance from the upstream of the pier.
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Figure 3.8. Comparison plot of streamwise velocity component (u) in Test 1 (without

FDS) and Test 4 (FDS with d/D=1.5)



The velocity distributions for the case with triangular prism FDS and without triangular
prism FDS were compared, and the results are shown in Figure 3.9. This figure depicts

the contours of streamwise velocity (u) in Tests 1 and 4.

According to the results (Figures 3.8 and 3.9), a reduction in the streamwise velocity at
upstream of the pier was observed after installing the flow diversion structure. The
reduction of the streamwise velocity drops the gradient of the pressure at upstream
surface of the pier. Consequently, the down-flow at the pier will decrease. Down-flow is
one of the significant reasons of the local scour, and its reduction can reduce the local
scour. In addition, the down-flow interacts with the horizontal layer near to the river bed
and forms the horseshoe vortex. As the velocity of the down-flow and horizontal layer
decreased due to installing the flow diversion structure, the horseshoe vortex also
became weaker. Therefore, it can be concluded, for the scenarios tested, that flow
diversion structure reduces the strength of down-flow and horseshoe vortex and

subsequently reduces the local scour around a pier.

a) No FDS b ) pier and FDS with d/D=1.5
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Figure 3.9. Contour plots of time-averaged streamwise velocity component; a) Test 1;

b) Test 4
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Similar results can be found in Figure 3.10, illustrating the depth-averaged of
streamwise velocity in Tests 1 and 4. Referring to Figure 3.10, the depth-averaged

streamwise velocity at all sections in Test 4 were less than those of Test 1.
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Figure 3.10. Comparison of the depth-averaged of u in Test 1 and Test 4

A similar analysis was carried out for the vertical velocity component (w). Figure 3.11
plots the vertical velocity component (w) in Test 1 and Test 4. The positive value of w
indicates that the down-flow was reduced by installing the flow diversion structure. The
averages of vertical velocity component in Tests 1 and 4 were -0.015 and -0.006 m/s,
respectively, and could be resulted that the intensity of down-flow in Test 4 reduced up

to 60% in comparison to Test 1.

Figure 3.12 compares the contours of vertical velocity (w) in Tests 1 and 4. As can be
seen from Figure 3.12, the velocity of down-flow at upstream of the pier reduced after
installing flow diversion structure. For a better demonstration, the depth-averaged of w
is shown in Figure 3.13. As can be observed in Figure 3.13, the negative values of
depth-averaged of w prove the existence of downward flow at all sections upstream of
the pier before installing the flow diversion structure. However, when the suggested
structure was employed some upward flow occurred at the wake region of the structure,

where the values of depth-averaged of w are positive, and the down-flow velocity
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decreased at the upstream of the pier. These changes at the flow field lead to a reduction

of the local scour around a pier.
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Accordingly, it can be concluded that the proposed flow diversion structure may reduce
the magnitudes of mean approach velocity (V) due to the reduction of velocity
components and change the direction of streamlines at the upstream of the pier as

shown in Figure 3.14. This figure reveals that the flow diversion structure forms a
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recirculation zone behind itself to a distance approximately three times of the triangular

base. The above results are consistent with the results reported by Emerson et al. (2013).
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Figure 3.14. Contour plots of mean flow velocity and streamlines; a) Test 1; b) Test 4

3.4.4. Performance of the Proposed Flow Diversion Structure

Many parameters can influence the local scour around bridge piers. These parameters
can be categorized into four groups, namely flow characteristics, sediment properties,
pier geometry and time. Both sediment properties and time are uncontrollable factors in
the real situations. On the other hand, the pier geometry is an important factor that
should be considered during the design and construction of bridges. The flow
characteristics comprising water depth, the flow velocity, and the flow direction are key
parameters affecting the local scour. Use of a flow diversion structure, as proposed in
this Chapter, may change both the flow direction and the flow velocity upstream of the
pier. Figure 3.15 demonstrates the performance of the proposed structure to divert the

streamlines at the upstream of the pier.
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Figure 3.15. Streamlines diversion by triangular flow diversion structure

3.5. Summary

A triangular flow diversion structure (FDS) is presented as a new countermeasure
against local scour around a circular bridge pier. A set of proof of concept laboratory
tests were completed to test the effects of a triangular FDS on local scour around a
circular pier and flow field upstream of the pier. From consideration of the outcomes
and in particular the changes in velocity, it can be inferred that the proposed triangular
FDS affects the flow field significantly, reducing the strength of down-flow and
horseshoe vortex and diverts streamlines from the upstream of the pier, and
consequently reduces the local scour around the pier. In addition, the clear distance
between this FDS and the pier considerably affects the reduction percentage of the local
scour depth and the scour hole volume. For the dimensions of the FDS and the pier used
in this study, the optimum distance between them to achieve the maximum reduction in
local scour, is approximately 1.5 times of the pier diameter. In this situation, the scour
depth and the volume of scour hole around the pier reduced by 38% and 61%,
respectively. These findings can be compared to the 16% reduction in the scour depth
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for the case of two in-line piers as studied by Keshavarzi et al. (2018), with the
assumption that the front pier performed as a circular flow diversion structure for the
rear pier. Therefore, it can be claimed that the shape of FDS significantly affects the
flow field and local scour around a bridge pier. Furthermore, the triangular shape of
FDS, which was proposed and tested in this study, is an appropriate shape for further

investigation as a protective measure against local scour.
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CHAPTER 4

Experimental Optimisation of Hydrodynamic Performance of

Flow Diversion Structure to Reduce Local Scour
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4.1. Introduction

As explained in Chapter 3, a full-depth (unsubmerged) triangular prismatic shaped flow
diversion structure (FDS) has been introduced as a new countermeasure against local
scour around a bridge pier. This proposed FDS was examined via proof of concept
laboratory experiments. The results confirmed that the proposed FDS in front of a pier
could protect the pier against local scour by changing the flow field around the pier. It
was inferred that the FDS reduced the strength of both the down-flow and the horseshoe
vortices, and diverted the streamlines from upstream of the pier, consequently decreased
the local scour. Furthermore, it was concluded that implementation of the FDS
warranted investigation and in particular investigation into suitable dimensions and

locations.

The main objective of this chapter is to achieve an efficient hydrodynamic performance
of FDS by optimising its dimensions and location to produce the maximum reduction of
local scour around a circular pier (depth and volume). Accordingly, a comprehensive
experimental study of local scour around a circular pier with different upstream FDS
has been conducted. Different FDS dimensions, locations, and submergence ratios were
examined experimentally. Taguchi‘s method was employed to determine the specific
parameter combinations to minimise the number of alternative tests. As a result, 28 tests

were necessary to find the optimal FDS dimensions and location.

In this chapter the results from these tests are presented and analysed. These results
included the outcomes from an experimental test of the optimal dimensions and location
for the FDS. Flow field analyses of the FDS presented in Chapter 5 is based on these

optimal dimensions and location.

4.2. Review of Bridge Pier Protection against Local Scour

A comprehensive literature review for protecting bridge piers against local scour was
conducted and discussed in chapter 2. As mentioned, different techniques of pier-scour
countermeasures can be classified into two distinct categories. The first category is
armouring devices, which is a traditional solution to decrease local scour around bridge

piers. However, this technique may not be considered as an appropriate solution due to
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its cost and also different failure mechanisms as presented in Chapter 2. The second
category is flow-altering devices. The basis of flow altering device is a change in the

flow field around a bridge pier that reduces the local scour.

In a comprehensive review by Tafarojnoruz et al. (2010), the flow-altering
countermeasures were classified into four categories, namely (1) openings through
piers, (2) pier attachments, (3) bed attachments and (4) other devices. Of these
classifications, the proposed FDS can be categorised as a bed attachment. Therefore, a

brief review of bed-attachments is presented in the following paragraphs.

Bed attachments are independent structures that should be installed at upstream or at
downstream of a pier. Few studies have been conducted on bed attachments; these
include sacrificial piles (Melville & Hadfield 1999), vanes and sills (Lauchlan 1999;
Odgaard & Wang 1987), surface guide panels (Huang et al. 2005), and sleeve and
collared sleeve (Garg et al. 2008; Singh et al. 2001). Melville & Hadfield (1999)
investigated some circular sacrificial piles as a scour countermeasure when the flow
remains aligned and flow intensity is relatively small. However, the size and shape of
the sacrificial piles remained unclear. In addition, the installation location, number of
piles, their configurations and degree of submergence needs further investigation
including consideration of the potential of a group of sacrificial piles to trap debris
during flood events. Lauchlan (1999) investigated the use of lowa vanes for pier scour
reduction under live-bed condition. He concluded that although the maximum scour
depth reduction was significant in some tests (30% to 50%), no significant trends were
evident in the data. A sleeve is a larger diameter cylinder surrounding the pier and
produces scour inside and outside of the sleeve. In order to reduce scour at outside,
another countermeasure should also be applied. Consideration of the above studies
suggests that the shape, size, and installation location affects the performance of these

devices.

The major drawback of the proposed upstream bed-attachments countermeasures is
associated with the size of the proposed methods, which induces a significant
contraction in the flow cross-section. Regarding their height, some of them are full-
depth (unsubmerged); therefore, there is a chance of collision with the boats and ships
in the rivers with navigation system. Additionally, there is a risk of trapping floating

debris by full-depth bed attachments, which reduces their performance dramatically.
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One approach to mitigate these perceived disadvantages in bed attachments would be to
ensure they were not full-depth structures; rather being smaller than the pier height to
produce the minimum risk of collision, debris trap, and contraction to the flow. This

approach was adopted in this study to optimise the proposed flow diversion structure.

As discussed earlier, the size and shape of the sacrificial piles, location, number of piles,
their configurations, and the degree of submergence are very important influencing
factors on local scour and still their values are unclear; therefore, further investigations
are required. Regarding the shape, a triangular prism was shown to be an effective shape
(Chapter 3). To resolve the problem of dimensions, submergence ratio, and location,
these parameters (see Figure 4.1) have been optimised for the proposed flow diversion
structure (FDS). The procedure of optimisation and the results are presented in this

chapter.

Figure 4.1. Schematic diagram of the pier and the flow diversion structure (FDS)
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4.3. Materials and Methods

4.3.1. Dimensional Analysis and Definition of Dimensionless Variables

The effects of different factors on local scour have been investigated by several studies,
(e.g. Melville & Coleman 2000; Ataie-Ashtiani & Beheshti (2006); Arneson et al. 2012;
Keshavarzi et al. 2018). Arising from consideration of these studies, the factors
influencing local scour can be categorised as flow characteristics, sediment properties,
pier geometries and time. An outcome of the aforementioned studies is that alternative
equations have been proposed for calculation of the equilibrium scour depth (ds.) at a
pier. If a flow altering device is used to reduce local bed scour, the effects of this device
should be added to the above factors. Therefore, the factors influencing the depth of
scour at a pier in the presence of a flow altering device (ds) can be presented in a

functional form as:

d—s = k(flow, sediment, pier, time, flow altering device)
se

4.1)

where, flow represents all flow characteristics influencing scour, etc. As previously
mentioned the effects of the first four groups in Equation 4.1 on ds. have been studied
for the case of no flow altering device and reported in the literature. Referring to the
effects of a flow altering device, the parameters such as its shape, size and location

affect the pier scour.

As concluded in the previous chapter, an unsubmerged triangular flow diversion
structure (FDS) can be employed as an effective flow altering device. The purpose of
this chapter is to determine the optimum location and dimensions for an FDS prior to a
circular pier. To achieve this aim, the characteristics of the FDS considered were the
lateral base (B), longitudinal base (L), height (H), and the upstream clear distance (d).

These characteristics are illustrated in Figure 4.1.
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The FDS affects the flow field near a pier; hence it is also needed to consider the water
depth (y), flow velocity (V), and pier diameter (D). Consideration of the results from
Melville & Coleman (2000) indicates that the greatest scour occurs when the cross-
sectional average velocity (V) equals the critical flow velocity for particles entrainment
(Vo). The cross-sectional average velocity for the experiments reported herein was
maintained near the critical flow velocity for sediment entrainment. In addition,
sediment properties and time were chosen regarding the criteria proposed in the
literature and kept constant in all tests which are explained in the experimental setup
and procedure section. These enabled the deletion of the flow velocity, sediment
properties and time as the variable parameters for the experiments. Therefore, Equation

4.1 under these conditions can be rewritten as:

(4.2)

d
— = k(L,B,H,d,y,D)
dse

Considering pier diameter as a horizontal scale parameter and water depth as a vertical

scale parameter, Equation 4.2 can be rewritten by the dimensionless function &:

H (4.3)
’;) 4.3

In order to find the best values of the parameters in Equation 4.3 for achieving the
maximum reduction of pier-scour, different FDS dimensions, locations, and
submergence ratios should be examined. The following procedure and criteria were

made to select different values for the parameters mentioned above.

As this structure should be smaller than the pier, five values were considered for B/D

and L/D from 0.2 to 1 with 0.2 increments. Similarly, five values of H/y were tested
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(i.e., H/y=0.25, 0.5, 0.75, 1 and >1), so that the first four values were a fully submerged
structure and the last one was an unsubmerged structure. With the intention of selecting
the values for d/D the results of the preliminary tests presented in Chapter 3 and the
published results by Keshavarzi et al. (2018) were used. The full-depth FDS employed
in the preliminary tests was a triangular prism with B/D=0.2 and L/D=0.5. This
structure was located at 6 different spacings from the pier (i.e. /D =0.5, 1, 1.5, 2, 2.5
and 3.5). Considering the outcomes of the experimental tests in Chapter 3 indicated that
the optimum clear distance between the pier and the flow diversion structure was 1.5D.
Furthermore, the published results of an experimental study carried out by Keshavarzi et
al. (2018) on local scour for two in-line piers with different spacings and under different
flow conditions were considered; with this assumption that the front pier performed as a
flow diversion structure for the rear pier. The outcomes of this case also showed that the
minimum local scour occurred around the rear pier, when the clear distance between
two in-line piers was in the ranges of 1 to 2 times of the pier diameter. These outcomes
are displayed in Figure 4.2. As a result and for attaining further evidence, five values

were considered for d/D from 0.5 to 2.5 (i.e. d/D =0.5, 1, 1.5, 2 and 2.5).
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Figure 4.2. The effect of clear distance between the pier and FDS or between two in-

line piers on local scour reduction around the rear pier
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Table 4.1 illustrates all the variables and their values, which have been considered in
this study. It should be noted that a number from 1 to 5 was assigned as the variable

level for each value, as shown in Table 4.1.

Table 4.1. Experimental variables and their values and levels

Values of the variables

Variables (variables’ levels) Number of levels

0.20 0.40 0.60 0.80 1.00

B/D (1) @) 3 @ © >

0.20 0.40 0.60 0.80 1.00

LD ) @ G @ ® >

0.25 0.50 0.75 1.00 >1.00

Hly ) @ G @ ® >

0.50 1.00 1.50 2.00 2.50

D (1) @) 3 @ © >

If Table 4.1 was considered, testing of all possible combinations of experimental
variables would require 625 individual experimental tests. This number of experiments

was not feasible. Hence, experimental design using Taguchi‘s method was undertaken.

4.3.2. Experimental Design Using Taguchi’s Method

Taguchi‘s technique is a statistical methodology to optimise the setting of parameters to
refine the result (Menon et al. 2012; Phadke 1995; Wu & Zhou 2011). The above
technique can be used to define the impact of numerous factors, which influence the
result of a particular laboratory test (Doddamani & Kulkarni 2011). Fundamentally, this
technique is founded on factorial experimental design (Box et al. 1978). As such, the

standard experimental table, based on an orthogonal array, discussed by Phadke (1995),
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is used. This array reveals the influence of variables by performing a smaller amount of
the tests. For the arrangement of data, the columns are equally orthogonal, for example
for pair of columns, arrangement of all elements occurs in identical quantity of epochs
(Sii et al. 2001). An appropriate arrangement can carefully be chosen on the total
number of factors (Gunes et al. 2011). These standard arrays can give full information
about all variables that affect the performance factor. The selection of orthogonal array
is based on the number of independent variables and the number of levels for each
independent variable. The basic principles of this technique are explained by (Bagchi

1993; Mori 2011; Roy 2010).

In this study, the number of independent variables is four; and five levels have been
considered for each of them, as summarised in Table 4.1. Based on Taguchi‘s method,
at least 25 tests should be conducted to find the optimum value for each variable.
Beyond these tests, a control and an optimum test were necessary for comparison and
confirmation the results. The configurations of the required tests are presented in Table
4.2. The orthogonal arrays shown in Table 4.2 have the following properties that can

minimise the number of required tests:

e Firstly, the orthogonal arrays have the balancing property. It means that all
variables® levels are repeated equally. In this study, the repetition for each
variable‘s level is equal to 5, for example, B/D = 0.2 (i.e. level one of B/D) is

repeated five times in Table 4.2, as like as all other variables® levels.

e Secondly, every two columns under each variable are mutually orthogonal. It
means that if a weighing factor between -1 and 1 is normatively allocated to the
levels of each variable, then the inner product summation of weighing factors for
any two variables is equal to zero. In this study, the weighing factors -1, -0.5, 0,
0.5, and 1 are allocated to levels 1 to 5 for each variable. The inner products for
every two variables are calculated and presented in Table 4.3 that confirms each
variable are mutually orthogonal. According to the orthogonality, the
experimental runs must be conducted as it designed. For instance, Run 1 in

Table 4.2 cannot be conducted with any other value of B/D except B/D=0.2.
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Table 4.2. Experimental design based on Taguchi’s method

Run No B/D L/D H/y d/D
1 0.2 0.2 0.25 0.5
2 0.2 1 1 1.5
3 0.2 0.8 0.5 2.5
4 0.2 0.6 >1.00 1
5 0.2 0.4 0.75 2
6 0.4 1 0.75 1
7 0.4 0.4 0.5 1.5
8 0.4 0.6 1 0.5
9 0.4 0.2 >1.00 2.5
10 0.4 0.8 0.25 2
11 0.6 0.4 0.25 1
12 0.6 0.8 >1.00 1.5
13 0.6 0.2 1 2
14 0.6 0.6 0.75 2.5
15 0.6 1 0.5 0.5
16 0.8 0.6 0.5 2
17 0.8 0.8 1 1
18 0.8 1 0.25 2.5
19 0.8 0.2 0.75 1.5

20 0.8 0.4 >1.00 0.5
21 1 0.4 1 2.5
22 1 1 >1.00 2
23 1 0.6 0.25 1.5
24 1 0.8 0.75 0.5
25 1 0.2 0.5 1
26 Control test (single pier without a flow diversion structure)

27 Optimum test (based on the acquired optimal conditions)
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Table 4.3. Mutually orthogonal of any two variables’ weighing factors

i Variables' weighing factor Inner product of weighing factors of variables
B/D L/D H/ly d/D (B/D) . (L/D) (B/D) . (H/y) (B/D) . (d/D) (L/D) . (H/y) (L/D) . (d/D) (Hly) . (d/D)

1 -1 -1 -1 -1 1 1 1 1 1 1
2 -1 1 0.5 0 -1 -0.5 0 0.5 0 0
3 -1 0.5 -0.5 1 -0.5 0.5 -1 -0.25 0.5 -0.5
4 -1 0 1 -0.5 0 -1 0.5 0 0 -0.5
5 -1 -0.5 0 0.5 0.5 0 -0.5 0 -0.25 0
6 -0.5 1 0 -0.5 -0.5 0 0.25 0 -0.5 0
7 -0.5 -0.5 -0.5 0 0.25 0.25 0 0.25 0 0
8 -0.5 0 0.5 -1 0 -0.25 0.5 0 0 -0.5
9 -0.5 -1 1 1 0.5 -0.5 -0.5 -1 -1 1
10 -0.5 0.5 -1 0.5 -0.25 0.5 -0.25 -0.5 0.25 -0.5
11 0 -0.5 -1 -0.5 0 0 0 0.5 0.25 0.5
12 0 0.5 1 0 0 0 0 0.5 0 0
13 0 -1 0.5 0.5 0 0 0 -0.5 -0.5 0.25
14 0 0 0 1 0 0 0 0 0 0
15 0 -0.5 -1 0 0 0 -0.5 -1 0.5
16 0.5 0 -0.5 0.5 0 -0.25 0.25 0 0 -0.25
17 0.5 0.5 0.5 -0.5 0.25 0.25 -0.25 0.25 -0.25 -0.25
18 0.5 1 -1 1 0.5 -0.5 0.5 -1 1 -1
19 0.5 -1 0 0 -0.5 0 0 0 0 0
20 0.5 -0.5 1 -1 -0.25 0.5 -0.5 -0.5 0.5 -1
21 1 -0.5 0.5 1 -0.5 0.5 1 -0.25 -0.5 0.5
22 1 1 1 0.5 1 1 0.5 1 0.5 0.5
23 1 0 -1 0 0 -1 0 0 0
24 1 0.5 0 -1 0.5 0 -1 0 -0.5 0
25 1 -1 -0.5 -0.5 -1 -0.5 -0.5 0.5 0.5 0.25

Sum 0 0 0 0 0 0




As discussed by Bagchi (1993), the orthogonality causes that the effect of each variable
at each level on output response can be estimated by averaging all output responses
include that variable at that level. For example, the average of output responses in Run
1 to 5 in Table 4.2 only shows the effects of B/D = 0.2 on the output response. This

important matter is used in this study to analyse the results.
4.4. Experimental Setup and Procedure

4.4.1. Flume and Its Components

These comprehensive experiments on local scour around a circular bridge pier with

different upstream FDSs were conducted in a different flume as mentioned in Chapter 3.

Experiments were carried out in a rectangular Plexiglas-sided flume. The length, width
and depth of this flume were 8§ m, 0.45 m, and 0.30 m, respectively. The flume had a
longitudinal slope of 0.0006 (m/m). The discharge was supplied from a tank with a
recirculating electro-pump system. A variable speed drive has been provided to control
the electromotor speed and consequently adjust the flow rate. The flume was equipped
with a turbine insertion flow-meter to measure the flow rate with an accuracy of 0.5%.
A rectangular flap gate was designed, built and installed at the downstream end to
regulate the water depth along the flume. The inlet and outlet tanks were provided at the
upstream and downstream of the flume, respectively. Figure 4.3 shows a schematic

diagram of the laboratory flume.
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Figure 4.3. Schematic diagram of the laboratory flume

4.4.2. Designing Experiment Conditions

In this study, all parameters such as pier size, sediment characteristics, time, and
hydraulic conditions were chosen regarding the criteria proposed in the literature and

kept constant in all tests, which are explained in the following paragraphs.

e Pier Diameter (D)

The pier diameter (D) was selected to minimise any contraction effects on the scour
depth. As stated by Melville & Coleman (2000), to minimise the effects of contraction,
the ratio of the flume width (W) to the pier diameter (D) should be greater than ten. In
this study, a 40 mm pier diameter was used. The resultant ratio (W/D) was 11.25 and

therefore satisfied the criterion of Melville & Coleman (2000).

e Bed Sediment Layer Thickness (S¢)

According to Melville & Sutherland (1988), the maximum possible scour depth (ds)

that can occur at a cylindrical pier is estimated as 2.4 times the diameter of the pier.
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Hence the thickness of the bed sediment layer was taken in such a way that it was
sufficient to fulfil the above condition. For 40 mm diameter bridge pier, 2.4D = 2.4 x 40
= 96 mm. Hence depth of bed sediment layer must be greater than 96 mm. This
parameter was opted equal to 120 mm, which was sufficient to satisfy the above

condition.

e Median Size of Bed Sediment (ds)

Based on Ettema (1976), the scour depth is not affected by the grain size if the ratio of
the pier diameter to the particle size (D/dsp) goes above 50. In addition, Melville (2008)
mentioned that for dsy below about 0.7 mm a bed may form ripples can affect scour at a
pier. Therefore, in this study, the median size of bed sediment should be between 0.7
and 0.8 mm. The median sediment size used in this study was 0.78 mm which is in the

above limit (see Figure 4.4).
e Sediment Uniformity (o)

Grading of sediment gives the sediment non-uniformity which is usually considered by
the geometric standard deviation of the sediment size, 6, = (dsa/dy6)"°. Melville &
Coleman (2000) stated that 6, should be less than 1.3 for uniform sand. For 6, greater
than 1.3, non-uniform sediments armouring would be expected to occur on the channel
bed and in the scour hole. Armour layer formation within the scour hole reduces the
local scour depth. In this study in order to avoid the effects of armour layer on the local
scour depth, non-cohesive uniform sand with 6,=1.24 was used. The sieve analysis of

the sand used in the experiments is shown in Figure 4.4.
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Figure 4.4. Sieve analysis of the sand used

e  Water Depth (y)

To avoid the effects of water depth on the local scour depth, Melville & Coleman
(2000) recommended that D/y should be less than 0.7. Referring to the selected pier
diameter (D=40 mm), water depth for this experimental design must be greater than

57.14 mm. Hence, in this study water depth is selected to be 100 mm.

e Flow Intensity

According to Melville & Chiew (1999), the flow intensity is a dimensionless parameter,
which is defined as the ratio of the cross-sectional average velocity (V) to the critical
mean flow velocity for sediment entrainment (V.). Melville & Coleman (2000) pointed
out that the scour depth in uniform bed material increases in a linear manner with flow

intensity to a maximum depth at the threshold velocity under clear-water conditions.

Melville and Coleman (2000) suggested the following relationships with respect to the

flow intensity:

» For clear water scour conditions:
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V/v.) <I; for uniform sediments
[V-VaVI] Ve < I; for non-uniform sediments
» For live bed scour conditions:
V/ve) >1; for uniform sediments
V/v,) >1; for non-uniform sediments

Where V, (for non-uniform sediments) is the mean flow velocity at the armour peak (=

V. for uniform sediments).

Figure 4.5 shows the changes in the maximum pier scour depth as a function of flow

intensity (Melville & Coleman 2000).

threshold live-bed
peak peak

A
armour peak,
VIV=1
\
\
\

. > » VIV
i 1.0 |
| P L" .
! clear-water ' live-bed

Figure 4.5. Local scour depth variation with flow intensity (after Melville &
Coleman, 2000)

Referring to Figure 4.5 the maximum local scour depth occurs in uniform sediment and
at the threshold peak (V/V, = 1). The critical mean flow velocity for uniform sediment
entrainment can be determined by the following equations that have been proposed by

Melville & Coleman (2000).
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U, = 0.0115 + 0.0125d5,™* 0.1mm < dsg < Imm (4.4a)

U, = 0.0305d5,"° — 0.0065ds, " Imm < dsg < 100mm (4.4b)
v,
¢ = 575log (5.53 L) (4.5)
*C dSO

where, ux is the critical shear velocity. The unit of dsg in Equations 4.4a and 4.4b is mm

while in Equation 4.5 is m.

Using the selected water depth (y=100 mm) and median sediment size (ds;=0.78 mm),
the critical mean flow velocity was obtained as 0.327 m/s. Subsequently, the mean flow
velocity was considered 0.32 m/s around the threshold condition. Therefore, in this

study, the flow intensity was set to 0.98, which was very close to the threshold peak.

¢ Time

The duration of the experiments need to be sufficiently long for equilibrium, or near
equilibrium, conditions to be obtained. The proportion of the equilibrium local scour
depth achieved at time t is the time factor K. Melville & Coleman (2000) presented an

equation for Ky, namely:

K, = 0.03 |Vcl (t)m (4.6)
: = exp . 7 n . .

where, t. is given as:

t, (d —4826D(V 04) y>6 V>04 4.7
e (days) = 48. A . for D , 7 . (4.7a)

t, (d —3089D(V 04)(3’)0'25 Yoo Lso4 4.7b
. (days) = 30. ARSIV for 5 =6 7 . (4.7b)
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Here, y/D is less than 6, therefore Equation 4.7b can be applied. For this study, the time
was taken to be 24 hours, and the time factor K; calculated as 0.97, which means 97% of

the equilibrium scour depth was achieved after 1 day.

e Design and Architecting of Flow Diversion Structure

Referring to Table 4.2 and considering the pier diameter (40 mm) and water depth (100
mm), 25 triangular prism FDS have been designed and built. The FDS dimensions are
an assortment of B/D, L/D and H/y variables i.e. Models 1-5 have a B/D ratio of 0.2,
meaning that the base of these 5 models is always 0.2 x 40 = 8mm wide. The lengths of
Models 1-5 vary from 0.2 - 1.0 X 40mm (i.e. 8, 16, 24, 32 and 40 mm) long. Also, the
height of Models 1-5 vary from 0.25 -1.25 x 100 mm (i.e. 25, 50, 75, 100, 125 mm).
Similar explanation can be expanded for other Models. In this study, an advanced
technology of 3D printer was employed to build the physical Models of the pier and the
flow diversion structures accurately. Figure 4.6 schematically shows the FDSs

employed in this study.

Figure 4.6. Schematic diagram of pier and FDSs used in this experimental study
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4.4.3. Procedure of Local Scour Experiments

The first step of each test was to carefully install the pier and one of the flow diversion
structures at the centreline of the flume. To achieve the fully developed flow, the

distance between the flume inlet and nearest FDS was considered equal to 4.1 m.

To simply and accurately install the physical models of the pier and FDS in the flume,
three plexiglass sheets with a thickness of 6 mm, the width equal to the flume width,
and 300 mm in length were laid over each other on the flume bed. On each plexiglass
sheet, a circular and five rectangular holes were embedded on the installation positions
of the pier and FDSs for mounting them. The model of the pier was placed on its
location into the circular hole. All models of the FDS had a cubic base, which was fitted
into the rectangular hole. In other words, the pier and FDSs models had 18 mm bases
which were fitted into their right positions on the plexiglass sheets. Figure 4.7

demonstrates an FDS, and the pier which was installed on its position in the plexiglass

sheets.

FDS base

Five embedded holes
for installing FDS
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Figure 4.7. a) A photograph of an FDS; b) a photograph of pier on its position in the

plexiglass sheets

A sand recess was formed at the working section of the flume, by installing false
benches before and after the working section. Three false benches with 1 m length, 450
mm width (equals to the flume width) and 120 mm height were placed from the inlet of
the flume to the beginning of working section, and similarly, a false bench was placed
after the working section. The length of working section was considered to be 1.8 m.
Hence, a sand recess with 1.8 m long and 120 mm deep was formed, which started at
3.0 m from the inlet of the flume. The sand recess was filled by the selected sand.

Figure 4.8 demonstrates a typical photograph of the installed pier and FDS at the bed of

test section.

Figure 4.8. A typical photograph of the test preparation (Test 10)

After installing the pier and an FDS, the bed materials were placed and levelled in the
sand recess as shown in Figure 4.8. Then the flume was filled with water from
downstream in a manner that ensured the levelled sand was not disordered. As the water
depth increased to the target depth of 0.1 m, the rate of flow was slowly increased to the

design rate of 14.4 L/s. The tailgate was utilised to maintain the required water depth.
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After 24 hours, the flow was stopped, and the flume was drained. Finally, the measuring
of the final bed topography was undertaken. The experimental tests were repeated for all

the different configurations listed in Table 4.2.

A 3D scanner was utilised for measuring the final bed topography very quickly and
precisely. The Artec Eva 3D scanner (Figure 4.9) with 3D point accuracy up to 0.1 mm
was used. In each test, a 3D model of the scour hole was captured using software called
Artec Studio, version 12. This software was capable to export the coordinates of all
captured points. These exported points were utilised to calculate the volume of the scour

hole using Surfer software, version 15. The 3D models of the scour holes are presented

in Appendix A.

Figure 4.9. Photographs of Artec Eva 3D scanner
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4.5. Results and Discussion

According to Taguchi‘s method (see Section 4.3.2.), at least 25 tests must be carried out
to optimise the dimensions and the installation location of the proposed flow diversion
structure as an effective pier-scour countermeasure. In addition, a test under optimum
conditions was necessary to confirm the results of optimisation. To compare the
experimental results and to assess the effectiveness of the FDS, a control test was
performed with only a single pier without the FDS. Therefore, 27 tests were conducted.
After achieving equilibrium condition, a 3D model of the bed profile was captured
using a 3D scanner. The maximum depth and the volume of the scour-hole were

extracted from the 3D model for each experimental test and are presented in Table 4.4.
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Table 4.4. The results of local scour tests

Max scour depth Scour volume
Run No B/D L/D H/y d/D around the pier (1000mm’)
(mm)
1 0.2 0.2 0.25 0.5 67.45 2457
2 0.2 1 1 1.5 72.62 2643
3 0.2 0.8 0.5 2.5 73.87 3123
4 0.2 0.6 >1.00 1 61.44 2221
5 0.2 0.4 0.75 2 70.83 2856
6 0.4 1 0.75 1 57.9 2142
7 0.4 0.4 0.5 1.5 55.16 2022
8 0.4 0.6 1 0.5 65.41 2647
9 0.4 0.2 >1.00 2.5 68.11 2756
10 0.4 0.8 0.25 2 60.78 2111
11 0.6 0.4 0.25 1 58.53 1913
12 0.6 0.8 >1.00 1.5 65.89 2574
13 0.6 0.2 1 2 66.89 2812
14 0.6 0.6 0.75 2.5 65.01 2720
15 0.6 1 0.5 0.5 65.83 2754
16 0.8 0.6 0.5 2 53.8 2051
17 0.8 0.8 1 1 65.83 2909
18 0.8 1 0.25 2.5 55.02 2080
19 0.8 0.2 0.75 1.5 66.53 3293
20 0.8 0.4 >1.00 0.5 72.91 3718
21 1 0.4 1 2.5 70.41 3591
22 1 1 >1.00 2 70.46 3760
23 1 0.6 0.25 1.5 51.9 2023
24 1 0.8 0.75 0.5 75.93 4099
25 1 0.2 0.5 1 68.05 3646
2 Control test (single pier without a flow diversion 819 4240
structure)
27 Optimum test (based on the acquired optimal conditions) 49.16 1697
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4.5.1. Sensitivity Analysis of the Dimensionless Parameters

The output responses from the experimental tests recorded in Table 4.4 are the
maximum scour depth around the pier and the volume of scour-hole. The average value
of the output responses related to each variable at each level was calculated by
averaging the values for the variable at that level. For example, the average of the
maximum scour depth related to B/D=0.2 was calculated by averaging the maximum
scour depth in test 1 to 5 in Table 4.4. The results for the variable level average of the
maximum pier scour depth are illustrated in Table 4.5. Furthermore, the main-effect

plots are depicted in Figure 4.10.

Table 4.5. Variable level averages for the maximum pier scour depth (mm)

Variable
Level B/D L/D Hly d/D

1 69.24° 67.41° 58.73 69.51

2 61.47 65.57 63.34 62.35

3 64.43 59.51 67.24 62.42

4 62.81 68.46 68.23 64.55

5 67.35 64.36 67.76 66.48

Max. 69.24 68.46 68.23 69.51

Min. 61.47 59.51 58.73 62.35
Delta (max-min) 7.77 8.95 9.50 7.16

Rank** 3 2 1 4

*All numbers are the average of the maximum scour depth related to the variables and their levels. For
example, 69.24 is the average of the maximum scour depth of Run 1 to 5 which all B/D=0.2 and its level
is 1, or 67.41 is the average of maximum scour depth for L/D ratios of 0.2 (Tests 1, 9, 13, 19, 25).

** Rank is related to the Delta values (the greatest delta has the first rank)
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Figure 4.10. Main-effect plots of the maximum pier scour depth

Considering Table 4.5 and Figure 4.10, the height of the FDS has the greatest influence
on the effectiveness of the FDS for reducing the maximum pier-scour depth. Moreover,
it can be inferred that the sequence of the impact of all other parameters on the
maximum pier-scour depth reduction can be expressed as L/D>B/D>d/D, as shown in
Table 4.5. The best values of each variable should be chosen where the least scour depth
has occurred. According to Figure 4.10, the best level for the width and the length of
FDS are equal to 40% and 60% of the pier diameter, respectively.

The trend of clear distance between the pier and the FDS shows that, when this variable
is between 1 to 1.5 times of pier diameters, the maximum reduction of the scour depth
was achieved. Although in this study the effect of the flow velocity on optimum clear
distance was not investigated, the results are consistent with previously published
results (see Table 4.6). As summarised in Table 4.6, the minimum local scour at a pier
with upstream FDS or at a rear pier for the case of two-inline piers, was reported when
d/D was between 1D and 2D. Similar results presented in Table 4.6 were achieved
under different flow conditions. From consideration of these results, it can be suggested

that the flow velocity does not significantly affect the best installation location of FDS
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for the conditions considered. Accordingly, it can be concluded that the best installation

location for the FDS is upstream of the pier with a clear distance of 1-1.5D.

Table 4.6. Comparison of the best d/D for different cases and hydraulic conditions

Clear
distance
Q Flume Water v to have
Data set Case width depth Fr Re 3
(L/s) (m/s) min
(m) (m) scour at
rear pier
Hannah Two in-line
(1978) unsubmerged 24.4 0.612 0.140  0.285 0.243 39900 1-2D
circular piers
0.5D for
Group of 190 0.30 0.12 180000 oo est
Melville & submerged and iles and
Hadfield unsubmerged 1.52 0.6 P
D 2.5D for
(1999) sacrificial piles 260 0.39 0.16 234000
farthest
at the upstream .
pile
0.26
Ataie- Two
Ashtiani &  unsubmerged Not 041 Not Not Not 12D
Beheshti in-line circular  reported ’ reported reported reported
(2006) piers
0.18
Unsubmerged
approach flow
Hooshmand guide at the
2010) . 19.6 0.7 0.08 0.35 0.395 28000 1.5D
circular and
square pier
18.5 0.61 0.115 0.264  0.249 30360 2D
Two
Keshavarzi —unsubmerged 335 g6 0160 0338 0270 54080 12D
et al. (2018) in-line circular
piers
31.5 0.61 0.150 0.344 0.284 51600 1-2D
Ranjbar- Unsubmerged
Zahedani et single FDS at 21.0 0.70 0.1 0.30 0.30 30000 1.5D
al. (2018) the upstream
Different size
This study of FDS at the 14.4 0.45 0.1 0.32 0.323 32000 1-1.5D

upstream

As illustrated in Figure 4.10, the optimum value for the height of FDS is equal to 25%

of the water depth. Increasing this variable may reduce the effectiveness of this

structure. However, there is still a question regarding the efficiency of FDS when its
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height is lower than 25% of water depth. In order to answer this question, one more test
was conducted with H=0.15y under optimum values of other variables (i.e., B=0.4D,
L=0.6D, d=1.5D). The result of this test was added to the previous findings of the
maximum scour depth regarding the level average of the height of FDS and illustrated
in Figure 4.11. As can be seen in Figure 4.11, any further reduction in the FDS height
from 25% of the water depth reduces the performance of the FDS. Therefore, the best
level for the height of FDS is around 25% of the water depth. Melville and Hadfield
(1999) concluded that submerged and full-depth sacrificial piles give similar reductions
in scour depth. However, the results of our comprehensive tests reveal that the degree of

submergence highly affects the performance of FDS.
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Figure 4.11. Effects of the height of FDS on the maximum pier scour depth

4.5.2. Analysis of Variance (ANOVA) for Maximum Scour Depth

The selected set of experiments based on Taguchi‘s method is a part of the full factorial
combinations of experiments. Therefore, the analysis of the partial experiment must
include an analysis of confidence to qualify the results (Roy 2010). Analysis of variance
(ANOVA) is a standard statistical technique routinely used to provide a measure of
confidence. In this technique, various quantities such as degrees of freedom (f), sums of

squares (SS), mean square (MS), and the variance ratio (F) are computed and organized
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in a standard tabular format. The degree of freedom of each variable is equal to the
number of variable‘s levels minus one. The total degree of freedom is equal to the
number of tests minus one, and the error degree of freedom is defined as the difference
between the total degree of freedom and the sum of degrees of freedom for each

variable.

The total sum of square (SSt) is calculated by Equation 4.8.

SSp = Y VP —— (4.8)

where, n is the total number of tests, Y; is the response factor of test i, and G is the sum
of all output responses. Equation 4.9 can be employed to determine the sum of square

for each variable (SSx).

o (SY G2
$S, = 2 <—’> - (4.9)
m n
=1

where, A represents one of the tested variables, j and m are the level number and the
total number of levels of this variable respectively, SY; is the sum of all output responses
involving the variable 4 at level j. The residual error is estimated as the difference

between the total sum of square and the sum of squares for each variable.

The mean square is defined as the ratio of the sum of square to the degree of freedom.
Finally, the variance ratio, commonly called the F statistic, is the ratio of the mean
square to the mean square of the error. This ratio is used to measure the significance of

the variable. The F value obtained in the analysis should be compared with the critical F

108



value from standard F-tables (as shown in Appendix C) for a given statistical level of
significance. The F value of each variable which is greater than the critical F value

shows this variable has a significant effect on the output response.

In this study, the analysis of variance for the maximum scour depth was undertaken, and
the results are depicted in Table 4.7. The critical F values for 95% and 90% confidence
intervals are 3.84 and 2.81 respectively (see Appendix C). Accordingly, it can be
claimed that the size of FDS including width, length and height have significant effects
on reduction of the local scour around a pier; the F values of these variables exceed the
95% confidence interval. In addition, it can be noted that the installation location of
FDS has a significant effect on the local scour reduction only at the 90% confidence

interval.

Table 4.7. Analyses of variance for the maximum scour depth

Source f SS MS F
B/D 4 205.20 51.31 3.87
L/D 4 242.90 60.74 4.58
H/y 4 325.50 81.39 6.14
d/D 4 181.80 45.44 3.43
Residual Error 8 106.10 13.26
Total 24 1061.60

4.5.3. Analysis of Scour-Hole Volume

Similar analyses, described in Sections 4.5.1 and 4.5.2, were performed for the volume
of the scour-hole. The results for the variable level average of the scour-hole volume are

illustrated in Table 4.8, while the main-effect plots depicted in Figure 4.12.
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Table 4.8. Variable level averages for the scour-hole volume (1000 mm?’)

Variable
Level B/D L/D Hly d/D
1 2660° 2993 2117 3135
2 2336 2820 2719 2566
3 2555 2333 3022 2511
4 2810 2963 2920 2718
5 3424 2676 3006 2854
Max. 3424 2993 3022 3135
Min. 2336 2333 2117 2511
Delta (Max-Min) 1088 660 905 624
Rank** 1 3 2 4

*All numbers are the average of scour-hole volume related to the variables and their levels. For example

2660 is the average of the scour-hole volume of Run 1 to 5 which all B/D=0.2 and its level is 1.

** Rank is related to the Delta values (the greatest delta has the first rank)

B/D L/D H/y d/D
3600000

3400000
3200000
3000000
2800000
2600000

2400000

Variable level average
of scour volume (mm”)

Average of the scour

2200000 volume in Runs 1 to 25

2000000
02 04 06 083 10 02 04 06 0.8 1.0 025 050 075 1.00 125 05 10 15 20 25

Variables values

Figure 4.12. Main-effect plots of the scour-hole volume
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As indicated in Table 4.8, the width of the FDS is placed in the first rank for reducing
the scour-hole volume. Other variables including the height and length of the FDS and
the clear distance between the pier and FDS are in the next ranks, respectively.
Although the comparison of the results presented in Tables 4.8 and 4.5 show different
ranks of each variable, Figures 4.10 and 4.12 portray the same optimum value for each
variable. Hence, the best dimensions of FDS to achieve the maximum reduction of the
score-hole volume are equal to B=0.4D, L=0.6D, and H=0.25y. This structure should be
installed upstream of the pier with a clear distance between the pier and the FDS of 1 to

1.5D.

Results of the ANOVA analysis for the scour-hole volume are presented in Table 4.9.
As expected, the dimensions of FDS (B, L, and H) and its installation location
significantly affect the scour-hole volume around a pier at 95% and 90% confidence

intervals, respectively.

Table 4.9. Analyses of variance for the scour-hole volume

Source f SS MS F
B/D 4 3377110 844276 9.27
L/D 4 1444250 361062 3.97
H/y 4 2851050 712763 7.83
d/D 4 1253500 313374 3.44
Residual Error 8 728454 91057
Total 24 9654350
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4.5.4. Confirmation Test

Based on Taguchi‘s design approach a confirmation test should be run under optimum
conditions to verify the experimental results. In this study, a confirmation test was
conducted by utilizing the best levels of the variables (i.e., B=0.4D, L=0.6D, H=0.25y,
and d=1.5D). Figures 4.13(a) and 4.13(b) illustrate the photographs of the scour-hole in
the control and optimum tests while Figures 4.14(a) and 4.14(b) show the 3D models of

scour-hole in the control and optimum tests, respectively.

In this study, when the optimised FDS was implemented, the maximum pier-scour
depth and the volume of scour-hole were measured to be equal to 49.16 mm and
1.697x10° mm’, respectively. These values are the minimum of the local scour depth
and the minimum volume of the scour-hole among all the conducted tests. After a
comparison of the control test with the optimum test, it was found that the optimised
FDS can reduce the maximum depth and the volume of the scour-hole by 40% and

60%, respectively.
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Figure 4.13. Photographs of scour-hole; a) control test; b) optimum test
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Figure 4.14. 3D models of scour-hole; a) control test; b) optimum test
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4.6. Conceptual Field Application of FDS

As presented in the previous section, the confirmation test shows that the optimisation
procedure was correct. Accordingly, it can me stated that these dimensionless
parameters of B/D = 0.4, L/D = 0.6, H/y = 0.25, and d/D = 1.5 have the potential to be
used to extrapolate the results to prototype scale with considering the similarity.
According to Link et al. (2019), the similarity in the scour can be achieved when both
model and prototype have the same sediment transport conditions; and thus V/V, should
be in similar ranges. It means that the results of this study have the potential to be used

for real cases when V/V_ is in a similar range to this study (V/V, <l, clear-water scour).

In this section the architecting design method of the FDS is applied to a real case. The
salient information of this real bridge was reported by Melville & Coleman (2000), as

follows:

e Local scour at circular pier
e Pier diameters: 2 m

e Design flow rate: 1250 m’/s
e River width: 200 m

e Flow depth (y): 3m

e Flow velocity (V): 2.08 m/s

e Median size of bed sediment (dsp): 20 mm
e C(Critical mean flow velocity for sediment entrainment (Vc): 2.5 m/s

e Flow Intensity (I): 0.83<1 (clear-water scour)

As the flow intensity is less than one, the clear water scour occurs around the circular
piers of this bridge. Therefore an FDS can be designed for this bridge. The following is

the architecture design of the FDS:
Width of the FDS: B =0.4D B=04x2=0.8m
Length of the FDS: L = 0.6D L=0.6x2=12m

Height of the FDS: H = 0.25y H=025%x3=0.75m

1111

Distance from the pier: d = 1.5D d=15%x2=3m
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4.7. Conclusions

In this chapter, the efficient countermeasure against pier-scour named triangular flow
diversion structure (FDS), introduced in Chapter 3, has been optimised. Taguchi‘s
method, which is a statistical approach for the design of experiments, was applied to
find the optimal size and the best place for installing FDS to achieve the maximum
reduction of the pier-scour. According to Taguchi‘s method, 27 FDSs were tested to
find and to confirm the optimal size and installation location of the FDS. The outcomes
demonstrated that the best width, length, and height of FDS are equals to 0.4D, 0.6D,
and 0.25y, respectively. Furthermore, the best clear distance between FDS and the pier
is approximately between 1 and 1.5 times of the pier diameter. In the optimal situation,
the maximum depth and the volume of the scour hole around the pier reduced by 40%

and 60%, respectively.
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CHAPTER 5

Flow Field around a Circular Pier with Optimised Flow

Diversion Structure at Upstream
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5.1. Introduction

The comprehensive experimental study of local scour around a circular bridge pier with
the upstream flow diversion structures (FDS) has been described in Chapter 4. The
primary objectives of those experimental tests were to find the optimum size and the
best installation location of FDS to achieve the maximum reduction of local pier-scour.
Consideration of experimental results reveals that the best width, length and height of
FDS were equal to 0.4D, 0.6D, and 0.25y, respectively. It can be noted that D represents
the pier diameter and y denotes the height of water. Furthermore, the best clear distance
between FDS and the pier was approximately between 1 and 1.5 times of the pier
diameter. In the optimum situation, the scour depth and the volume of the scour hole

around a circular pier reduced by 40% and 60%, respectively.

As noted earlier in Chapter 2, it is the interaction of three-dimensional flow field with
the bridge piers that results in bed erosion around the piers. The focus of this Chapter is
to investigate how the optimised FDS alters the flow field around the pier and
accordingly reduces the local scour. This experimental study of flow field was

conducted using Particle Image Velocimetry (PIV).

5.2. Review of Flow Structures near Bridge Piers

As reported in Chapter 2, many researches have been performed in the area of local
scour mechanism. A brief overview to highlight the key results of the local scour

mechanism around a single pier is presented in this section.

Pier scour is caused by the interference of the pier with the flow and characterised by
the formation of the scour hole immediately around the pier. To understand the
mechanism of pier scour, several studies have been conducted such as those by Laursen
& Toch (1956), Melville (1975), Melville & Raudkivi (1977), Ahmed & Rajaratnam
(1997), Melville & Coleman (2000), Kirkil et al. (2008), Ettema et al. (2011),
Keshavarzi et al. (2014), and Ettema et al. (2017). In these studies, it has been declared
that a vortices system shaped around piers is the underlying mechanism of local scour.
According to Melville & Coleman (2000), there are four major types of the flow field

around a single bridge pier including down-flow, horseshoe vortices, surface rollers,
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and wake vortices. As shown in Figure 5.1, down-flow and surface rollers occur
upstream of a pier, while horseshoe and wake vortices are formed at the base and the
downstream of the pier, respectively. The down-flow impinges on the bed materials.
The horseshoe vortex increases the velocity near the bed, leads to a rise in the transport
capability of the sediment particles. The wake vortex suspends the particles. It also
actions like a vacuum cleaner while moving the sediment particles downstream.
Therefore, a practical solution to control and reduce the pier-scour can be changing the

complex flow field around the pier.

VRl

o profite

R N S et hiole

Figure 5.1. Flow field around a bridge pier

5.3. Experimental Setup and Procedure

5.3.1. Flume and Its Components

This part of the required experimental tests was conducted in a flume differed from
those mentioned in Chapters 3 and 4; as the PIV was employed, OHS required the use
of an alternative flume setup specifically for PIV measurement. The available flume
was a rectangular glass-sided tilting flume with the stainless steel bed. The glass

sidewalls allowed clear viewing of the flow patterns associated with the model or
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accessory in use. The flume‘s length was 5 m, its width was 0.3 m, and its depth was
0.45 m. This flume included electrically operated jacking system for varying the slope
of the channel bed. Inlet and outlet tanks were installed at the upstream and downstream
of the flume, respectively. Discharge was supplied from a main reservoir with a
centrifugal water pump. This pump was also equipped with a variable speed drive to
control the electromotor speed and consequently adjust the flow rate. An electrical
console controlled the electrical instruments such as electromotor and variable speed
drive. Moreover, the flow rate was showed on a digital monitor, provided on the
electrical console. This flume was also equipped with a downstream flap gate to
regulate the water depth. Figure 5.2 shows a photograph of the flume and its

components.

Figure 5.2. A photograph of the flume and its components

5.3.2. Physical Models of Bridge Pier and Flow Diversion Structures

As this part of the experimental tests was carried out in a different flume, new physical
models were designed and built according to the size of this flume and the previous

results of the pier-scour tests. All experiments were conducted in a fixed-bed flume with
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no sediment layer. However, the criteria of local scour around the bridge piers were

considered to select the geometric and hydraulic parameters of the experimental setup.

The pier diameter was carefully chosen according to Melville & Coleman (2000)
criterion (explained in the previous chapter) to avoid contraction effect. In these tests, a
pier with a diameter of 25 mm was adopted. The ratio of W/D was 12, satisfying the

boundary condition criterion, recommended by Melville & Coleman (2000).

Referring to the results of the previous chapter, the optimum size and the best
installation location of the flow diversion structures were achieved as a function of the
pier diameter and water depth (i.e., B/D=0.4, L/D=0.6, H/y=0.25, and d/D=1-1.5D).
Therefore, the width (B) and length (L) of FDS were considered equals to 10 and 15
mm, respectively. In addition, the gap between the pier and FDS was selected equal to
the upper limit (1.5D = 37.5 mm) to have more space and consequently better

visualisation of flow field in the gap region.

The optimum height of FDS is equal to one-fourth of the water depth and increasing the
height of FDS decreases its performance. Due to the variations of the water depth in the
real situation, the height of FDS should be designed regarding the highest water level.
To understand the effects of submergence ratio on the performance of FDS, four levels
of H/y were tested (i.e., H/'y=0.25, 0.5, 0.75 and > 1). The first three levels were a fully
submerged structure, and the last one was an unsubmerged structure. In all tests, the
water depth was kept constant, and four different heights of FDS were built and tested.
The advanced 3D printing technology was employed to build the physical models of the
pier and the FDSs accurately.

For the convenience of installing physical models on the flume, three plexiglass sheets
with a thickness of 6 mm and the width and length equal to the flume width and length
were laid over each other on the bed. On each plexiglass sheet, two circular and
rectangular holes were embedded on the installation positions of the pier and FDS for
mounting them. The model of the pier was placed on its location into the circular hole.
All models of the FDS had a cubic base, which was fitted into the rectangular slot. In
other words, the pier and FDS models had 18 mm bases, which were fitted into their
right positions on the plexiglass sheets accurately. To minimise reflection effects during

experiments, the model FDSs were painted matt black. The pier was treated in a similar
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manner. Showing Figure 5.3 are the FDS models and their installation in the flume prior

to painting.

a) b)

Figure 5.3. a) FDS models; b) installation of the models into the plexiglass sheets on
the flume bed

5.3.3. Hydraulic Conditions

To avoid the water depth effects on the local scour depth, Melville & Coleman (2000)
pointed out that the pier diameter to the water depth ratio (D/y) should be less than 0.7.
Therefore, the water depth used in the experiments was set to 100 mm to satisfy this
requirement. The maximum flow velocity, which could be measured by the available
PIV system, was 0.1 m/s. Hence, the cross-sectional average velocity (V) was selected
to be 0.1 m/s, and consequently, the flow rate supplied to the flume in all tests was 3 I/s.

Table 5.1 summarises the hydraulic conditions of the experimental tests on flow field.

Table 5.1. Flow conditions for experimental tests on flow field

3 100 0.1 0.1
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5.3.4. Particle Image Velocimetry (PIV)

To study the flow field around a bridge pier with an upstream FDS, Particle Image
Velocimetry (PIV) technique was employed. For these tests PIV apparatus and VidPIV
software version 4.6, manufactured and developed by ILA GbmH company was

employed.

PIV system calculates the flow velocity based on the displacement of the tracer
particles within the flow at a particular time. In this technique, the flow is seeded with
small tracer particles, and a light sheet illuminates a cross-section of the flow. The
displacement of the tracer particles in the illuminated cross-section is recorded in a pair
of images by using a high-speed camera. Then, the flow velocity can be obtained by
considering the displacement of the particles in a couple of images and the time interval
between them. It is important to note that the characteristics of the tracer particles must
be consistent with the properties of the fluid. Appropriate particles have a spherical
shape, and their density is similar to the fluid density. In the experimental tests,
polyamide 2070 was utilized as the seeding particles, which is spherical with 5 pm
diameter, and 1.016 g/cm’density. Figure 5.4 schematically demonstrates the PIV

system and its components.

Synchronizer

Tracer
Particles
Flow

® Q,‘ Plane Direction
|
X 4

v = Ax/At Second
At=t -1 Image

Figure 5.4. Schematic diagram of the PIV technique (Goharzade & Molki, 2014)
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5.3.5. Procedure of Flow Field Experiments

Experimental tests were started with a single circular pier as a control test, then
continued with the pier plus FDS at the upstream. A set of 25 numbers of experimental
tests were conducted to find out how the FDS with different submergence ratio affects

the flow field around the bridge pier (see Table 5.2).

In each test, the models of the pier and FDS were fixed at their locations in the flume.
The FDS was located at a distance of 2.7 m from the inlet section of the flume to
achieve a fully developed flow. The flow rate was adjusted to 3 1/s, and the water depth
adjusted to 100 mm. Table 5.1 shows the details of hydraulic conditions. Furthermore,
the PIV apparatus was set up for measuring the velocity components. The light arm was
placed above of the flume to illuminate the objective measurement plane. The camera
was fixed at the side of the flume perpendicular to the light sheet. After finishing the
setup, polyamide seeding materials was added to the current. A high-resolution digital
camera acquired the light scattered by seeded particles. The movements of the seeding
particles among two successive pictures were used to measure the velocity. For each set
of test, 20 pair images were captured. As presented in Figure 5.5, the measurements
were repeated on different planes (these planes were at Y/D =0, 1, 2, 3 and 4). A
software package (VidPIV, version 4.6) was employed for images processing. This
software extracts displacement information and calculates velocity components from the
PIV recordings. The details of the test configurations are summarised in Table 5.2,

while Figure 5.6 displays the experimental setup.
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Figure 5.5. Experimental setup; a) a schematic diagram of the pier and FDS; b)

different planes of PIV measurements (plan view)
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Figure 5.6. A photograph of experimental set up and PIV system in the laboratory
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Table 5.2. The details of the flow field tests configurations

Run no. D (mm) y (mm) V (m/s) Y/D B/D L/D H/y d/D
1 25 100 0.1 0 single pier
2 25 100 0.1 0 0.4 0.6 0.25 1.5
3 25 100 0.1 0 0.4 0.6 0.50 1.5
4 25 100 0.1 0 0.4 0.6 0.75 1.5
5 25 100 0.1 0 0.4 0.6 >1 1.5
6 25 100 0.1 1 single pier
7 25 100 0.1 1 0.4 0.6 0.25 1.5
8 25 100 0.1 1 0.4 0.6 0.50 1.5
9 25 100 0.1 1 0.4 0.6 0.75 1.5
10 25 100 0.1 1 0.4 0.6 >1 1.5
11 25 100 0.1 2 single pier
12 25 100 0.1 2 0.4 0.6 0.25 1.5
13 25 100 0.1 2 0.4 0.6 0.50 1.5
14 25 100 0.1 2 0.4 0.6 0.75 1.5
15 25 100 0.1 2 0.4 0.6 >1 1.5
16 25 100 0.1 3 single pier
17 25 100 0.1 3 0.4 0.6 0.25 1.5
18 25 100 0.1 3 0.4 0.6 0.50 1.5
19 25 100 0.1 3 0.4 0.6 0.75 1.5
20 25 100 0.1 3 0.4 0.6 >1 1.5
21 25 100 0.1 4 single pier
22 25 100 0.1 4 0.4 0.6 0.25 1.5
23 25 100 0.1 4 0.4 0.6 0.50 1.5
24 25 100 0.1 4 0.4 0.6 0.75 1.5
25 25 100 0.1 4 0.4 0.6 >1 1.5
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5.3.6. Image Processing

The captured images by the camera were stored on the computer. The stored images and
their corresponding time interval were processed using the VidPIV software package to
extract the instantaneous velocity components. The software has different functions for
processing the images and computing the velocity. Initially, the pixel unit should be
converted to the real units by using the image mapping function. After that, annotations
function is used to add other information such as flow boundary and obstacles. Then,
the cross-correlation function can be used to determine the displacement of the particles
between each pair of images. To increase the accuracy of the data, other particular
functions, including adaptive cross-correlation, and filtering & interpolation can be
applied and repeated. The velocity vectors can be achieved from the vector maps. This
data can be extracted in a text format, which includes the position of the points and the

corresponding velocity components.

Regarding the 20 image pairs, which were captured for each run, 20 text files of 2-D
velocity components were achieved in each run. Each file consisted of velocity
components for around 8000 points. For further analysis, a MATLAB program was
developed.

5.3.7. MATLAB Programming for PIV Data Analysis

The instantaneous velocity components collected by the PIV system was used to
calculate the turbulence characteristics of the flow. Due to the extensive amount of data,
a program using MATLAB software was developed to estimate the flow turbulence
characteristics. The outputs of VidPIV software were many text files including points*
coordinates and corresponding streamwise instantaneous velocity components (u),
vertical instantaneous velocity components (w), and absolute velocity (V,= i +w?)").

In each test, the multiple text files gave similar data in different time steps.

The provided program calculates turbulent characteristics of flow in each point. In this
program the root mean square values of velocity fluctuations were calculated as the
turbulence intensity components TI,, and TI,, and normalised by using cross-sectional
average velocity (V), as follows:
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Besides, this program calculates the TKE and RSS which were explained in chapter 2.
This program enables to open, analyse, and close all test files that are located in a
specific folder automatically. Finally, the results can be saved in text files. The

developed code is presented in Appendix D.

The output of the developed program in MATLAB was given as an input to the Tecplot
software so that the results were plotted graphically and eventually interpreted and

compared. The achieved results are presented in the following sections.

5.4. Results and Discussion

Velocity components at a vicinity of a pier with the optimised flow diversion structure
(FDS) under different submergence ratio were measured using the PIV technique. The
collected data sets were analysed to find out how the optimised FDS affects the flow

field and consequently reduces the local scour around a circular bridge pier.

PIV measurements were performed on four planes. As presented in Figure 5.5.b, these
planes were located at non dimensional widths of 0, 1, 2, 3, and 4 pier diameter from the
centreline. The measurements were made in each plane with a single pier case, and a
single pier with the optimised FDS at the upstream with H/y = 0.25, 0.5, 0.75, and >1.
The streamwise (u) and vertical (w) velocity components were determined from
analysis of the PIV images collected during the individual experiments. Further
analyses were carried out by a developed code in MATLAB and the results were plotted
using Tecplot software. The outcomes for uw/V, w/V, TI/V, TL,/V, TKE/V? and
u'w’/V? have been displayed with contour plots. The results were compared for
various arrangements comprising the single pier as a control test and the pier with the
optimised FDS under different H/y ratios. In this Chapter, only the figures for Y/D = 0
are illustrated. The plots for other planes are depicted in Appendix B. The results and
discussions of the flow field around a circular bridge pier with the optimised FDS are
presented in the following sections. The data have been stored into UTS Stash system.
This DOI https://doi.org/10.26195/bf5n-0n94 can be used to access the data.
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5.4.1. Time Average Velocity Components

The plots of the streamwise velocity (u) in the central vertical plane for Run 1 to 5 (see
Table 5.2) are shown in Figures 5.7 to 5.11. In these figures, the streamwise velocity

component (u) is normalised by the cross-sectional average velocity (V).

As expected and also shown in Figure 5.7, the values of u/V become smaller as the flow
approaches the pier and finally reduce to zero at the upstream pier face. As described by
Melville & Raudkivi (1977), the approach flow velocity at the upstream surface of a
pier is reduced to zero which, in turn, increases the pressure. This increased pressure has
the highest amount near the surface, where the greatest deceleration can be observed
and decreases downwards. This difference in the pressure forms an adverse pressure
gradient on the upstream face of the pier in the vertical direction as a result of the
approaching boundary layer flow. If this pressure gradient is strong enough, it will be
capable of causing a down-flow on the upstream face of the pier. Down-flow interacts
with the horizontal layer close to the river bed, forming a horseshoe vortex. Both the

down-flow and horseshoe vortex have a significant influence on pier-scour.

Figure 5.7 shows that, over the full flow depth, u/V upstream of the pier remains
undisturbed for X/D >1.75 measured from the pier centre. In other words, the pier
affects the upstream flow field in a section between the pier and a distance of 1.25D.

This result is consistent with the results, stated by Keshavarzi et al. (2017).

Downstream of the pier, the values of u/V are negative as demonstrated in Figure 5.7.
These negative values confirm the existence of reverse flow and the formation of a
wake in this region. The wake region behind the pier keeps the sediment particles
suspended and moves them further downstream. This plot also displays that the values
of u/V increase further downstream of the pier and eventually return to normal

conditions.

According to Figure 5.8, when the optimised FDS (H/y=0.25) is placed at the upstream
of the pier, the u values decrease, and their direction became negative (from pier to the
FDS) in the gap region between the pier and the FDS, and from bed up to the height of

FDS. The negative values of u interact with the horizontal layer nearby the bed and
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consequently can distract the formation of horseshoe vortices. Besides, a jet-flow is

observed above the FDS which can affect the flow field at the gap region.

At the downstream of the pier, this optimised FDS significantly affects the magnitudes
and direction of streamwise velocity component. In the case of the single pier (Figure
5.7), the high negative values of u indicate the strong wake vortices behind the pier
which can washout the sediment particles and increase the scour depth and volume.
However, Figure 5.8 revels that the wake vortices behind the pier become weaker by
using this optimised FDS. In addition, the length of this wake region is reduced and the
flow comes to the normal flow condition by passing through a shorter distance. In this

case, even the positive values of u are observed behind the pier near to the bed.

Figures 5.9 to 5.11 show, for the case of pier and FDS with H/y=0.5, 0.75, >1, plots of
normalised streamwise velocity components. These figures illustrate that increasing the
height of FDS significantly changes the streamwise velocity in the gap region between
the pier and FDS. In this region, both the negative and positive values of u exist from
the bed up to the height of FDS. However, by increasing the height of FDS, the area of
negative values (blue colour) becomes more dominant especially when H/y>0.5. It
means that the wake in the gap region may be extended with the increase of FDS height.
This extension of wake in the gap region may increase the local scour around the FDS.
Also, by elevating the height of FDS up to near the water surface, the velocity of jet-
flow enlarges which can affects the turbulence characteristics of the flow in the gap

region.
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Figure 5.11. Normalised streamwise velocity for the single pier case and FDS with

Hjy>1at Y/D =0

Contour plots of the normalised streamwise velocity component for different vertical
planes positioned at Y/D =1, 2, 3, and 4 are presented in Appendix B. The general trend
of the effect of FDS on the streamwise velocity component shows the reduction of
velocity at the pier vicinity for all vertical planes. However, the acquired results indicate
that the impact of FDS to reduce u becomes smaller by increasing the FDS height, and
by increasing transverse distance from the central and finally, will be faded at around

Y/D=4.

Figures 5.12 to 5.16 depict the plots of w/V for Runs 1 to 5 in the central vertical plane.
Referring to Figure 5.12, it can be observed that the strong down-flows are formed
upstream of the single pier case, nearby the bed. This system of down-flows impinges
the bed and removes the sediments particle from the upstream of the pier. Figure 5.13
indicates that the optimised FDS changes the flow field and forms a system of upward
flow (w/V > 0) at upstream of the pier near to the bed. This system of upward flow
reduces the strength of down-flow at upstream of the pier and also can prevent the
formation of horseshoe vortices. Therefore, it can be expected to have a smaller amount

of scour around the pier.
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When comparing the contour plots presented in Figures 5.13 to 5.16, it can be seen that

increasing the height of FDS causes:

e formation of a stronger down-flow upstream of the FDS
e an increase in the magnitude and intensity of the upward flow in the gap

between the pier and FDS.
Therefore, more scour around the FDS and upstream of the pier can be predicted.

For the cases of H/y=0.25, 0.50, and 0.75 (Figures 5.13 to 5.15) a system of down-flow
forms near the pier which starts from a depth nearby the FDS height but does not reach
to the bed. This down-flow is due to the jet-flow above the FDS that falls in the gap

region.

These results of the velocity components and the effects of FDS height on the flow field
are consistent with previous results reported by Faheem Sadeque et al. (2009). In
addition, the outcomes of the local scour experiments presented in the Chapter 4

confirm the above analysis.
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Figure 5.12. Normalised vertical velocity for the single pier case at Y/D = 0
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Figure 5.15. Normalised vertical velocity for the single pier case and FDS with
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5.4.2. Flow Pattern

For better visualisation of the velocity components, the streamlines patterns shown in
Figures 5.17 to 5.21 were developed. The background of these diagrams shows the

contour plots of the normalised absolute flow velocity (V,= (u°+w’)*).

As can be seen in these flow pattern figures, by installing the FDS at the upstream of a
pier, the flow pattern significantly changes around the pier. Figure 5.17a demonstrates
the streamlines impinge to the bed at the upstream of the single pier. Also, a wake
region at downstream of the pier can be seen that extends around 2D behind the pier and
over the entire depth. The length of this wake region can be simply recognised from the
flow pattern diagram. These results are consistent with Shrestha (2015), and Keshavarzi
et al. (2017) and hence with the earlier results stated by Sahin et al. (2007), Ataie-
Ashtiani & Aslani-Kordkandi (2013). This wake region starts to diminish from a

distance around 1.3D behind the pier, and near the bed.

A scientific camera Pco.1600 with a resolution of 1600 x 1200 pixels was used. Two
different camera locations were employed, namely a wide frame (from upstream of the
FDS to the downstream of the pier), and a tight frame (only the gap region between the
pier and FDS). Clear definition of the vortices was not possible with the wide frame
images; the presence of vortices was apparent but the resolution of images was
insufficient to define them. The tight frame images clearly define vortices due to the
resolution over a smaller sample space. To plot the vortexes, in two cases including a
single pier with and without optimised FDS (with H/y=0.25) at Y/D = 0, a tight frame
was selected, which only captured the gap region between the pier and FDS, but missed
the jet-flow over the FDS, and wake at downstream of the pier. The streamlines from
analyses of these two cases are presented in Figures 5.18. The formation of down-flow

and horseshoe vortex at upstream of the single pier can be seen in Figure 5.18a.

As illustrated in Figures 5.17 to 5.21, the flow pattern changes around the pier when the
FDS is placed at the upstream of the pier. Figure 5.17b reveals the existing of upward
flow in the gap region between the pier and the optimised FDS up to its height. In fact, a
wake region forms behind the FDS, and the pier locates in this region. These wake

vortices and upward flow reduce the strength of down-flow at the pier‘s upstream. In
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addition, at the base of the pier, this wake disturbs the formation of horseshoe vortices.
The wake region downstream of pier is influenced also by the FDS. The comparison
between Figure 5.17a with Figure 5.17b shows that the optimised FDS reduces the
length of the wake region behind the pier by around 0.6D.

A system of down-flow is produced at the upstream of the FDS by elevating the height
of FDS, especially when its crest is above the 0.5y. Additionally, the wake vortices in
the gap region between the pier and the FDS extend upward as much as the FDS height.

However, the alterations of the wake region behind the pier are not very significant.

The flow pattern in other vertical planes (Y/D=I1, 2, 3, and 4), are presented in
Appendix B. Comparing the flow pattern in all sets of experiments can be concluded
that the FDS significantly affects the flow field around the pier. Due to its triangular
shape, the FDS diverts the streamlines from the vicinity of the pier. The FDS produces a
system of upward flow in the gap region between the FDS and the pier. This upward
flow withstands the down-flow in this gap region. Moreover, the FDS disturbs the
formation of the horseshoe vortices at the base and reduces the strength of wake vortices
behind the pier. These changes in the flow field around the pier decrease the amount of
local scour at the vicinity of the pier. It is noteworthy to state that by elevating the FDS
height above 0.5y its effects may reduce due to the formation of the stronger down-flow
and wake vortices at upstream and downstream of FDS, respectively. However, even
the unsubmerged FDS can protect the pier from local scour due to its sheltering effect.
Finally, the effects of FDS on flow field decrease by laterally getting away from the
central and eventually will be faded at around Y/D = 4.
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Figure 5.19. Normalised absolute flow velocity and Streamlines for the single pier
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Figure 5.20. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.75 at Y/D = 0
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Figure 5.21. Normalised absolute flow velocity and Streamlines for the single pier

case and FDS with Hy>1 at Y/D =0

5.4.3. Turbulence Intensity Components

In this study, the streamwise turbulence intensity (TI,) and vertical turbulence intensity
(TIy) have been calculated from the velocity fluctuations components (u’ and w'). The
results for TI, are depicted in the contour plots form in Figures 5.22 to 5.26. In these
figures, the turbulence intensity components are normalised using the cross-sectional

average velocity (V).

Figure 5.22 displays a relatively high value of TI,/V at the upstream of the single pier
close to the bed. At upstream, the values of this parameter reduce with increase in the
space toward the free surface. Similar results have been stated by Beheshti & Ataie-
Ashtiani (2010), Shrestha (2015), and Keshavarzi et al. (2017) for the case of a single
circular pier. At the downstream of the pier, the variations of streamwise turbulence
intensity are much higher immediately behind the pier and decrease with getting far

from the pier. However, the maximum values of TI,/V occur within a distance around
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1-2D after the pier. These results are consistent with the results stated by Faheem

Sadeque et al. (2009), and Shrestha (2015).

When the FDS is located at the upstream of the pier, the values of TI, become higher in
the vicinity of the pier as shown in Figures 5.23 to 5.26. This increasing of TI, is due to
the more interactions between the flow and two obstacles rather than the single pier
case. For example, in the cases of completely submerged FDS, the overflow above the
FDS impinges the wake in the gap region and increases the turbulence intensity. As the
height of FDS elevates, TI, also increases. This growth of the streamwise turbulence
intensity is more significant in the upstream of the FDS and the gap region rather than

behind the pier.

Comparing the contour plots of streamwise velocity with the turbulence intensity
indicates an inverse trend between the magnitudes of velocity and turbulence intensity.
This outcome is consistent with the outcome of Faheem Sadeque et al. (2009), who
found the smaller mean velocity and high turbulence in the wake region behind the
circular cylinders under different submergence ratios. Therefore, it can be argued that
the higher turbulence intensity does not necessarily indicate more local scour. This
claim can be confirmed by the results of local scour tests presented in the previous

chapter.

The contour plots of normalised streamwise turbulence intensity in other vertical planes
(Y/D =1, 2, 3, and 4) are shown in Appendix B. The general trend of TI, in the planes
of Y/D =1 is similar to the central vertical plane, but the amount of variations are not
significant as in the plane of Y/D = 0. The turbulence intensity in the plane of Y/D =2
becomes smaller by FDS. However, there is no highlighted trend in the variations of
this parameter in other planes due to the complexity of the flow field and the

interactions between the flow, pier, FDS, bed, and side wall.
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Figure 5.22. Normalised streamwise turbulence intensity for the single pier case at

YD=0
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Figure 5.23. Normalised streamwise turbulence intensity for the single pier case and

FDS with H/y=0.25 at Y/D = 0
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Figure 5.24. Normalised streamwise turbulence intensity for the single pier case and

FDS with H/y=0.50 at Y/D = 0
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FDS with H/y=0.75 at Y/D = 0
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Figure 5.26. Normalised streamwise turbulence intensity for the single pier case and

FDS with Hy>1 at Y/D =0

The plots of T1,/V in the plane of symmetry for Runs 1 to 5 are given in Figures 5.27 to
5.31. These figures show the similar results to the TI,. Installing the FDS at upstream of
the pier raises the TI,, especially in the gap region between the pier and FDS. This
upturn is due to the formation of wake vortices and upward flow behind the FDS. The
interactions between the upward flow in the gap region and the down-flow in front of
the pier increase the fluctuation part of the vertical velocity component and
consequently increase the TI,. Similar to the results of TI,, in this case also the
increasing of TI, does not indicate more local scour around the pier. Besides,

decreasing the submergence ratio (y/H) increases Tl,.

The plots of TI,,/V in the planes of Y/D =1, 2, 3, and 4 are accessible in Appendix B.
For the case of Y/D = 1, the overall changes of TI,, at the vicinity of the pier due to FDS
is like as the plane of Y/D = 0, but the amount of changes are much less in the plane of
Y/D = 1. It means that the FDS has more effects on Tl in the plane of Y/D=0 rather
than Y/D = 1. The FDS reduces the TI, in the plane of Y/D = 2. However, in the plane
of Y/D = 3, and 4 TI, increases again. In all cases reducing the submergence ratio
results in more TIy. Finally, these various trends of TIy, in different vertical planes

confirm the complicated flow field around the pier with the upstream FDS.
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Figure 5.28. Normalised vertical turbulence intensity for the single pier case and

FDS with H/y=0.25 at Y/D = 0
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Figure 5.29. Normalised vertical turbulence intensity for the single pier case and

FDS with H/y=0.50 at Y/D = 0
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Figure 5.30. Normalised vertical turbulence intensity for the single pier case and

FDS with H/y=0.75 at Y/D = 0
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Figure 5.31. Normalised vertical turbulence intensity for the single pier case and

FDS with Hy>1 at Y/D =0

5.4.4. Turbulent Kinetic Energy

2-D TKE has been estimated from the fluctuations of the streamwise and vertical
velocity components, for all of the experimental tests. The contour plots of TKE for
Y/D = 0 are provided in this section. In this study, TKE was normalised using the

square of the cross-sectional average velocity (V2).

Figure 5.32 illustrates TKE/V?> for a single pier in a vertical plane of symmetry. The
moderately higher values of TKE can be seen from Figure 5.32 in front of the pier near
the bed and gradually decreases on the way to the water surface. TKE is minor at the
immediate downstream of the pier. The maximum TKE at the downstream occurs
around 1-2D from the pier. The values of TKE at downstream of the pier are higher
than that of upstream. In general, the distribution of TKE and TI around the single pier

is similar.

The distribution of TKE/V? for the case of the pier with FDS under different
submergence ratios are plotted in Figures 5.33 to 5.36 for the vertical plane of
149



symmetry. These Figures reveal the significant effects of FDS on TKE around the pier.
These effects are more dominant in that gap region due to the formation of a wake
system behind the FDS. In addition, increasing the FDS height causes growth in the
TKE upstream of FDS and in the gap region between FDS and pier.

The contour plots of TKE/V? for other vertical planes (Y/D = 1, 2, 3, and 4) are
illustrated in Appendix B. According to these figures, the trend of TKE in each vertical

plane is alike to the trend of turbulence intensity in the corresponding plane.
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Figure 5.32. Normalised turbulent kinetic energy for the single pier case at Y/D = 0
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Figure 5.33. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.25 at Y/D =0
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Figure 5.34. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.50 at Y/D = 0
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Figure 5.35. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.75 at Y/D = 0
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Figure 5.36. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y>1 at Y/D = 0
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5.4.5. Reynolds Shear Stress

The last turbulence characteristic, examined in this study, is associated with Reynolds
Shear Stress (RSS). This parameter is a function of the velocity components fluctuations
and the mass density of the fluid (p), and calculated by RSS = —pu’w’. Here, the values
of RSS are normalised by — pVZ.

The contour plots of normalised RSS for Runs 1 to 5 are illustrated in Figures 5.37 to
5.41. For the single pier case (Figure 5.37), the values of Reynolds Shear Stress at the
upstream of the pier moderately increase as the flow approaches to the pier. Moreover,
relatively higher values of shear stress can be seen in front of the pier near the bed. At
downstream of the pier, pretty greater values of shear stress extend around two times of

the pier diameter after the pier.

The distributions of Reynolds Shear Stress in the vertical plane of symmetry for Runs 2
to 5 are depicted in Figures 5.38 to 5.41. According to these plots, FDS increases the
Reynolds Shear Stress in the vicinity of the pier. In all cases, the growth of RSS is more
significant in the gap region and downstream of the pier rather than the upstream of the

FDS. In addition, Reynolds Shear Stress increases by elevating the height of FDS.

The plots of RSS at the other vertical planes (Y/D = 1, 2, 3, and 4) are presented in
Appendix B. The results show that FDS increases RSS in all vertical planes except Y/D
= 2. These results are similar to the attained results for the other turbulence
characteristics. It may be due to the lateral diversion of the flow by FDS. It seems that
the interactions between the flow and FDS, pier, bed and sidewall of the flume cause to
increase the turbulence characteristics. However, there is a boundary at around Y/D = 2
where the turbulence characteristics of the flow reduced. To prove this claim,
experimental study should be conducted for the horizontal plane that is beyond the

objectives of this study.
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Figure 5.37. Normalised Reynolds Shear Stress for the single pier case at Y/D = 0

Figure 5.38. Normalised Reynolds Shear Stress for the single pier case and FDS with
H/y=0.25 at Y/D =0
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Figure 5.39. Normalised Reynolds Shear Stress for the single pier case and FDS with
H/y=0.50 at Y/D =0
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Figure 5.40. Normalised Reynolds Shear Stress for the single pier case and FDS with
H/y=0.75 at Y/D =0
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Figure 5.41. Normalised Reynolds Shear Stress for the single pier case and FDS with
H/y>1 at Y/D =0
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5.5. Conclusions

The PIV technique was used to study the effects of an optimised flow diversion
structure (FDS) under different submergence ratio on the flow field around a circular
bridge pier. The findings of this experimental study demonstrate that the optimised FDS
significantly affects the flow field around the pier. This structure changes both the
magnitude and direction of the velocity components and also diverts the streamlines at
the vicinity of the pier. In fact, the bridge pier is located in a wake region, which is
produced by the FDS. This wake withstands the down-flow in the gap region and also
disturbs the formation of the horseshoe vortices at the pier base. Furthermore, this FDS
reduces the strength of wake vortices behind the pier. All of these changes in flow field
reduce the local scour around the pier. The turbulence characteristics of the flow around
the pier may increase due to the formation of a wake system in the gap region between
the FDS and the pier. The turbulence characteristics are the function of the fluctuating
components of velocity. In addition, it may happen that the mean components of
velocities decrease, but the fluctuating parts increase. Therefore, this increasing of

turbulence does not necessarily increase the local scour.

The results of this study may have demonstrated that the height of FDS is an effective
factor in the flow field around the pier. Referring to the results of Chapter 4, the best
height for FDS to achieve the maximum reduction of local scour is about one-fourth of
the water depth. Besides, the effectiveness of FDS decreases by increasing the FDS
height. However, even an unsubmerged FDS can protect a pier from local scour due to
the sheltering effect of FDS. These results are validated with the results of the flow field
study. Elevating the FDS crest forms the stronger down-flow and wake vortices at the

upstream and downstream of FDS respectively. Therefore, local scour may increase.

By and large, it can be stated that the FDS reduces the pier-scour by changing the
complicated vortices systems including down-flow, horseshoe vortex and wake vortex

near the pier.
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CHAPTER 6

Conclusions

Surface Wakes
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6.1. Summary

The results of previous studies have revealed that the bridge scour is the leading cause
of waterway bridge failures. Around 60% of waterway bridge failures have occurred
due to local scour and other related hydraulic issues. A bridge collapse directly affects
the social and economic development of a nation and causes several problems such as
injuries and fatalities, enormous financial losses, disruptions in the transportation
system. Therefore, the investigation of bridge pier-scour mechanism and prediction of
the amount of scour are essential. Besides, the study of the local scour countermeasure,
which is the key target of this research, is more significant and crucial for reducing the

risk of bridge failure.

Numerous studies have been conducted attempting to realize the mechanism of pier
scour. Arising from consideration of those studies, the pier-scour is due to the formation
of a complicated vortices system around the pier comprising down-flow, horseshoe
vortex, and wake vortex. Therefore, an appropriate local scour countermeasure
technique can be using a flow-altering device at the upstream of a pier to disturb these

vortices in a manner that reduces the potential for erosion around the bridge pier.

A review of the previously published studies on upstream flow-altering devices
indicates that only limited studies have been conducted in this field. Based on those
studies, it can be concluded that the effectiveness of devices is a function of their shape,
size, and installation location. However, the effects of these factors were not fully
considered in the previous proposed upstream flow-altering devices; and still, their
values are unclear. Due to the lack of information and design guidelines of these
proposed devices, there is no report to use such a method in the field situation.

Therefore, further investigations are required.

In this study, a new flow-altering device named flow diversion structure (FDS) has been
introduced, examined, and optimised. This research has been conducted in three stages
of the experimental studies in both local scour and flow field around a circular bridge
pier with upstream FDS. The shape, size, and installation location of this new
countermeasure against pier-scour have been thoroughly examined to address the

problems mentioned earlier.
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6.2. Conclusions

A comprehensive study of the effects of a proposed triangular prism flow diversion
structure (FDS) on both local scour and flow field around a circular pier has been
conducted as the main contribution of this research. The three stages of this research
including proof of concept, optimisation of concept, and flow field are briefly presented

and concluded in the following sections.

6.2.1. Proof of Concept

In the first stage, the main objective was to test a triangular FDS for local scour
mitigation and to ascertain changes in the flow field arising from deployment of a
triangular FDS. Three criteria have been considered to select the shape including
diverting streamlines from the vicinity of pier, creating a relatively wide wake region
behind the FDS, and having the lowest amount of local scour around the FDS. Based on
these criteria and by reviewing the literature, a triangular prism was recognised as a

proper shape.

A series of preliminary laboratory tests were conducted to evaluate the effects of this
triangular prism FDS on local scour and flow field around a circular bridge pier. These

tests were completed in a rectangular laboratory flume as presented in Chapter3.

The flow diversion structure, employed in this stage, was built in a shape of prismatic of
isosceles triangle with a lateral base of 0.2D, longitudinal base of 0.5D, and full-depth
that was located at the six different spacing from the pier (i.e., d/D = 0.5, 1, 1.5, 2, 2.5
and 3.5, where D is the pier diameter, and d is the clear distance between the pier and
FDS). An additional test was carried out with a single pier only, as a control test. All of
these tests were conducted under clear water scour condition. After achieving
equilibrium condition, the bed profile was measured, and the volume of the scour-hole

determined for each experimental test.

The results of local scour tests revealed that the clear distance between the proposed
FDS and the pier significantly affects the reduction percentage of the local scour depth

and the scour-hole volume. According to the dimension of the FDS and the pier in these

160



tests, the best clear distance between them to achieve the maximum yield was found to
be approximately 1.5 times of the pier diameter. In this situation, the scour depth and
the volume of scour-hole around the pier were reduced by 38% and 61%, respectively.
In addition, the results of this study were compared to the results of a previous study
using two in-line piers with the assumption that the front pier performed as a circular
FDS for the rear pier. These findings are very favourable when compared with the 16%

reduction in scour depth for the case of two in-line piers studied by Keshavarzi et al.

(2018).

The flow field analysis was conducted in the control test, and the best performing test
regarding the local scour reduction (i.e., d/D = 1.5). The results clearly revealed that the
proposed triangular FDS affects the flow field significantly, reduces the strength of both
the down-flow and horseshoe vortices and diverting the streamlines from upstream of

the pier, and consequently decreases the local scour around the pier.

Based on the work conducted in this stage, this concept was proved that a triangular
shape of FDS was suitable to reduce the local scour and change the flow field. In
addition, the installation location of the FDS affected the performance of this
countermeasure against local scour. However, the size of this triangular FDS was still
unknown and needed further investigation. Therefore, the second stage of this research
was completed to find out the optimum size and also the best installation location of the

proposed FDS.

6.2.2. Optimisation of Concept

A comprehensive experimental study was conducted to understand the optimum size
and the best installation location of the triangular prism FDS as an effective pier-scour
countermeasure. In fact, the main objective of this stage was to find out the optimum
value of the variables including the base (B), length (L), and height (H) of the triangular
FDS, and also the best clear distance between the pier and FDS (d) as a function of pier
diameter (D) and flow depth (y). Four dimensionless variables were defined (B/D, L/D,
H/y, d/D) by considering pier diameter as a horizontal scale parameter, and water depth

as a vertical scale parameter. Furthermore, five values were selected for each
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dimensionless variable. Accordingly, 625 individual experiments were required for
testing of all possible combinations of experimental variables. This number of
experiments was not feasible. Hence, an efficient statistical approach to experimental
design, called Taguchi‘s method, was employed to design the experimental program and
to reduce the number of tests. This scientific method can be used to find the best values
of the controllable variables with a minimum number of tests. According to Taguchi‘s
method, 27 FDSs should be tested to find the optimum size and installation location of
this structure. Besides, to compare the experimental results and to assess the

effectiveness of FDS, a control test was required.

The experimental tests of this stage were conducted in a rectangular laboratory flume
with dimensions as presented in section 4.4.1. The flume was equipped with a turbine
insertion flow-meter to measure flow rate and a downstream rectangular flap gate to
regulate the water depth. In this stage, a 3-D scanner was utilised for measuring the final
bed topography very quickly and precisely, and an advanced technology of 3-D printer
employed to build accurate physical models of the pier and FDSs.

Clear water scour condition was considered for all experimental runs. The parameters
including hydraulic conditions, sediment properties, and pier geometries were chosen

carefully regarding the presented criteria in the literature and kept constant in all tests.

At the end of all experimental tests, a sensitivity analysis of the dimensionless variables
and analysis of variance have been performed with two sets of measured data including

the maximum depth and the volume of scour-hole.

The outcomes demonstrated that the best width, length, and height of FDS were equals
to 0.4D, 0.6D, and 0.25y, respectively. Furthermore, the best clear distance between
FDS and the pier was approximately between 1 and 1.5 times of the pier diameter. In
the optimum situation, the maximum depth and the volume of the scour hole around the
pier reduced by 40% and 60%, respectively. It is anticipated that the optimised FDS
would not block debris and floating materials due to its short height. The optimum
triangular FDS can be applied for both new and existing bridge piers to control and to

reduce the depth and volume of local scour around them.
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It may be highlighted that one of the interesting results of this stage was discovering the
optimum size of FDS, which was much smaller than the pier size. In addition, the most
remarkable outcome was related to the height of FDS, where the short height (H =
0.25y) had the best performance to reduce the pier-scour. However, the remaining
question was that how this small and short FDS affects the flow field around a bridge
pier? Accordingly, the third stage of this research was conducted to comprehend the

answer to this critical question.

6.2.3. Flow Field

The focus of this stage was to investigate the flow field around a circular bridge pier
with an optimised FDS at upstream. Therefore, an experimental study of flow field has

been conducted using a Particle Image Velocimetry (PIV) system.

A rectangular flume which was used in this stage had 5 m length, 0-3 m width and 0-45
m depth. This equipped flume was connected to an electrical console that controlled the
instruments such as electromotor and variable speed drive, and also displayed the flow
rate which was measured by an electromagnetic flow-meter. Besides, a manual

downstream flap gate was provided to regulate the water depth.

The experimental tests and the physical models (pier and FDS) were designed based on
the criteria in the literature, and the obtained results from Stage two (optimisation of
concept). All tests were conducted under fixed bed condition with no sediment. The
optimised FDS was installed at the best location upstream of the pier (d/D = 1.5), and
the velocity components were measured at the various planes (i.e., Y/D =0, 1, 2, 3 and

4). A similar test was carried out with only a single pier without FDS as a control test.

As the water depth is an uncontrollable variable in the real condition in the field,
therefore, the optimised FDS was tested in four different submergence ratios (i.e., H'y =
0.25, 0.5, 0.75, and >1). It should be mentioned that the water depth was kept constant
in all the tests, and the height of FDS was changed.

The PIV images collected during the individual experiments were processed to

determine the streamwise (u) and vertical (w) velocity components. A code was
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developed using MATLAB to calculate various influencing flow characteristics

including TI, TKE, and RSS, with the results plotted using Tecplot.

Analysis of the results indicated that the optimised FDS significantly affected the flow
field at the upstream and downstream of the pier. This triangular prism FDS changed
both the magnitude and direction of the velocity components and also diverted the

streamlines at the vicinity of the pier.

In the gap region the FDS formed a wake with the bridge pier located within this wake.
For the case of H = 0.25y, the optimum height of FDS, the wake resisted the down-flow
in the gap region and disturbed the formation of horseshoe vortices around the pier. In
addition, the FDS reduced the strength of the wake vortices formed by the pier and
located downstream of the pier. These substantial changes in the flow field significantly
reduced the pier scour. The performance of the FDS with H = 0.5y was almost similar

to the case of H=0.25y.

By increasing the height of FDS more than 0.5y, the strength of down-flow at the
upstream of FDS, and wake vortices in the gap region between the pier and FDS
increased. Accordingly, the effectiveness of the FDS for decreasing the local scour
around the pier reduced. However, the local scour around a pier with even an

unsubmerged FDS was less than the single pier case due to the sheltering effect of FDS.

The most exciting outcome of this stage was that the FDS might increase the turbulence
characteristics around a pier, but the local scour would certainly decrease. It can be
stated that the turbulence characteristics are the function of fluctuating components of
the velocity. In other words, the mean components of velocities decrease, but the
fluctuating parts increase. Therefore, increasing the turbulence characteristics does not

necessarily induce an increase in the local scour depth.

As a final point, it can be concluded that the optimised FDS has a potential to be used as
an effective countermeasure against local pier-scour for both new and already existing
bridges. This innovative small structure reduces the pier-scour by changing the
complicated vortices systems formed around the pier including down-flow, horseshoe
vortex, and wake vortex. It is necessary to state that rivers located in the upland

mountain region are high energy rivers. Those rivers in the riverine estuarine region are
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low energy rivers. The current study has been conducted for low energy rivers where

the majority of people reside.

6.3. Recommendations

In this research, a flow diversion structure (FDS) has been introduced for reducing the

local scour around a bridge pier. Some series of the experimental studies were

conducted to test, optimise, and understand the performance of this structure for

reducing the local scour around a single circular pier. The results show that the

optimised FDS is an effective countermeasure against pier-scour. According to the main

outcomes of this research, the following recommendations are proposed to extend the

application of this innovative method in the real situation.

1-

In this research, the performance of the proposed FDS has been studied with only
one single circular pier. However, in real situations, most bridges comprise multiple
piers in tandem or side by side arrangements. Therefore, the study of the effects of
the proposed FDS on local scour for the case of multiple piers is necessary,
especially for two cases including two piers with the tandem or side by side

arrangements.

Bridge piers are designed and constructed with different shapes. Hence,
investigating the performance of the proposed flow diversion structure in reduction

of the local scour around various shapes of bridge piers is recommended.

Due to the limitations of the available laboratory facilities, all the experimental tests
in this research were conducted under clear water scour condition. Previous
investigations have revealed that scour under clear water conditions is maximised
near the threshold velocity and typically will be greater than live bed conditions.
Nonetheless, it is recommended to carry out an array of tests to study the influence
of FDS on the local scour reduction under live bed conditions to confirm previous

outcomes remain valid for the situation considered here.

In most rivers, the flow is unidirectional, but in some situation, especially in the

coastal area, the flow may be bidirectional due to the tidal condition. Therefore, the
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study of the effects of FDS on local scour around a bridge pier under tidal flow

condition may be useful.

From the economic point of view, the numerical modelling of the proposed FDS in
different conditions is highly recommended. The valuable experimental data of this

study can be used to validate the numerical outputs.

The best height of FDS is equal to 0.25 water depth. As the water depth in the real
situation is a variable parameter, it can be recommended to build an intelligent FDS
with an automatic adjustable height to have the maximum performance of FDS in all

conditions.
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APPENDIX A
The Captured Models of Scour Holes and

Photographs of Scour Tests
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Figure A.1. Captured model of scour hole for Run 1

Figure A.2. A photograph of Run 1

Table A.1. The results of local scour tests for Run 1

1 02 02 025 05 67.45 18 2457 42
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Figure A.3. Captured model of scour hole for Run 2

Figure A.4. A photograph of Run 2

Table A.2. The results of local scour tests for Run 2

2 02 1.0 1.00 1.5 72.62 11 2643 38
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Figure A.5. Captured model of scour hole for Run 3
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Figure A.6. A photograph of Run 3

Table A.3. The results of local scour tests for Run 3
Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth l;eductlon (1000mm’) reduction (%)
(mm) (%)
3 02 08 050 25 73.87 10 3123 26
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Figure A.7. Captured model of scour hole for Run 4

Figure A.8. A photograph of Run 4

Table A.4. The results of local scour tests for Run 4

Run Max scour Max scour Scour volume  Scour volume
No BD L/D H/y d/D depth depth 1:)educt10n (1000m m3) reduction (%)
(mm) (%)
4 02 06 >1.00 1.0 61.44 25 2221 48
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Figure A.9. Captured model of scour hole for Run 5

Figure A.10. A photograph of Run 5

Table A.5. The results of local scour tests for Run 5

Run Max scour Max scour Scour volume  Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
5 02 04 075 20 70.83 14 2856 33
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Figure A.11. Captured model of scour hole for Run 6

Figure A.12. A photograph of Run 6

Table A.6. The results of local scour tests for Run 6

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth 1;eductlon (1000mm3) reduction (%)
(mm) (%)
6 04 1.0 075 1.0 57.9 29 2142 50
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Figure A.13. Captured model of scour hole for Run 7

Figure A.14. A photograph of Run 7

Table A.7. The results of local scour tests for Run 7

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth 1;educt10n (1000mm3) reduction (%)
(mm) (%)
7 04 04 050 15 55.16 33 2022 52
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Figure A.15. Captured model of scour hole for Run 8

Figure A.16. A photograph of Run 8

Table A.8. The results of local scour tests for Run 8

Max scour Max scour

Run . Scour volume Scour volume
No B/D L/D H/y d/D depth depth l;eductlon (1000mm’) reduction (%)
(mm) (%)
8 04 06 1.00 0.5 65.41 20 2647 38
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Figure A.17. Captured model of scour hole for Run 9

Figure A.18. A photograph of Run 9

Table A.9. The results of local scour tests for Run 9

Run Max scour Max scour Scour volume  Scour volume
No B/D L/D H/y d/D depth depth l;eductlon (1000mm3) reduction (%)
(mm) (%)
9 04 02 >1.00 25 68.11 17 2756 35
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Figure A.19. Captured model of scour hole for Run 10
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Figure A.20. A photograph of Run 10

Table A.10. The results of local scour tests for Run 10

Run Max scour Max scour Scour volume Scour volume

No B/D L/D H/y d/D depth depth 1;educt10n (1000mm3) reduction (%)
(mm) (%)

10 04 08 025 2.0 60.78 26 2111 50
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Figure A.21. Captured model of scour hole for Run 11

Figure A.22. A photograph of Run 11

Table A.11. The results of local scour tests for Run 11

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
11 06 04 025 1.0 58.53 29 1913 55
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Figure A.23. Captured model of scour hole for Run 12

Figure A.24. A photograph of Run 12

Table A.12. The results of local scour tests for Run 12

Run Max scour Max scour Scour volume  Scour volume
No B/D L/D H/y d/D depth depth l;eductlon (1000mm3) reduction (%)
(mm) (%)
12 06 08 >1.00 1.5 65.89 20 2574 39
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Figure A.25. Captured model of scour hole for Run 13

Figure A.26. A photograph of Run 13

Table A.13. The results of local scour tests for Run 13

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
13 06 02 1.00 2.0 66.89 18 2812 34
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Figure A.27. Captured model of scour hole for Run 14

Figure A.28. A photograph of Run 14

Table A.14. The results of local scour tests for Run 14

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
14 06 06 075 25 65.01 21 2720 36
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Figure A.29. Captured model of scour hole for Run 15

Figure A.30. A photograph of Run 15

Table A.15. The results of local scour tests for Run 15

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth 1;educt10n (1000mm3) reduction (%)
(mm) (%)
15 06 1.0 050 05 65.83 20 2754 35
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Figure A.31. Captured model of scour hole for Run 16

Figure A.32. A photograph of Run 16

Table A.16. The results of local scour tests for Run 16

Max scour Max scour

Run . Scour volume Scour volume
No B/D L/D H/y d/D depth depth l;eductlon (1000mm’) reduction (%)
(mm) (%)
16 08 06 050 20 53.8 34 2051 52
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Figure A.33. Captured model of scour hole for Run 17

Figure A.34. A photograph of Run 17

Table A.17. The results of local scour tests for Run 17

Max scour Max scour

Run . Scour volume Scour volume
No B/D L/D H/y d/D depth depth l;eductlon (1000mm’) reduction (%)
(mm) (%)
17 08 08 1.00 1.0 65.83 20 2909 31
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Figure A.35. Captured model of scour hole for Run 18

O

:'l o

Figure A.36. A photograph of Run 18

Table A.18. The results of local scour tests for Run 18

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
18 08 1.0 025 25 55.02 33 2080 S1
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Figure A.37. Captured model of scour hole for Run 19

Figure A.38. A photograph of Run 19

Table A.19. The results of local scour tests for Run 19

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
19 08 02 075 15 66.53 19 3293 22
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Figure A.39. Captured model of scour hole for Run 20

Figure A.40. A photograph of Run 20

Table A.20. The results of local scour tests for Run 20

Max scour Max scour

Run . Scour volume Scour volume
No BD L/D H/y d/D depth depth l;eductlon (1000mm’) reduction (%)
(mm) (%)
20 08 04 >100 05 72.91 11 3718 12
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Figure A.41. Captured model of scour hole for Run 21

Figure A.42. A photograph of Run 21

Table A.21. The results of local scour tests for Run 21

Max scour Max scour

Run . Scour volume Scour volume
No B/D L/D H/y d/D depth depth l;eductlon (1000mm’) reduction (%)
(mm) (%)
21 1.0 04 1.00 25 70.41 14 3591 15
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Figure A.43. Captured model of scour hole for Run 22

Figure A.44. A photograph of Run 22

Table A.22. The results of local scour tests for Run 22

Run Max scour Max scour Scour volume  Scour volume
No B/D L/D H/y d/D depth depth I;)eductlon (1000mm3) reduction (%)
(mm) (%)
22 1.0 1.0 >1.00 2.0 70.46 14 3760 11
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Figure A.45. Captured model of scour hole for Run 23

Figure A.46. A photograph of Run 23

Table A.23. The results of local scour tests for Run 23

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
23 1.0 06 025 15 51.9 37 2023 52
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Figure A.47. Captured model of scour hole for Run 24

Figure A.48. A photograph of Run 24

Table A.24. The results of local scour tests for Run 24

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
24 10 08 075 05 75.93 7 4099 .
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Figure A.49. Captured model of scour hole for Run 25

Figure A.50. A photograph of Run 25

Table A.25. The results of local scour tests for Run 25

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth ﬂeductlon (1000mm3) reduction (%)
(mm) (%)
25 1.0 02 050 1.0 68.05 17 3646 14
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Figure A.51. Captured model of scour hole for control test

Figure A.52. A photograph of control test

Table A.1. The results of local scour tests for control test

Run Max scour Max scour Scour volume Scour volume
No B/D L/D H/y d/D depth depth 1;eductlon (1000mm3) reduction (%)
(mm) (%)
0 - - = - 81.9 0 4242 0
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APPENDIX B

Flow Field Plots

B.1. Plots of Streamwise Velocity Component

B.2. Plots of Vertical Velocity Component

B.3. Plots of Absolute Flow Velocity and Streamlines
B.4. Plots of Streamwise Turbulence Intensity

B.S. Plots of Vertical Turbulence Intensity

B.6. Plots of Turbulent Kinetic Energy

B.7. Plots of Reynolds Shear Stress
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B.1. Plots of Streamwise Velocity Component

uiv

1.30
1.10
0.90
0.70
0.50
0.30
0.10
-0.10

Figure B.1. Normalised streamwise velocity for the single pier case at Y/D = 1
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Figure B.2. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.25 at Y/D = 1
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Figure B.3. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.50 at Y/D = 1
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Figure B.4. Normalised streamwise velocity for the single pier case and FDS with
Hy=0.75 at Y/D = 1
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Figure B.5. Normalised streamwise velocity for the single pier case and FDS with
Hjy>1at Y/D =1
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Figure B.6. Normalised streamwise velocity for the single pier case at Y/D =2
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Figure B.7. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.25 at Y/D =2
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Figure B.8. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.50 at Y/D =2
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Figure B.9. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.75 at Y/D =2
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Figure B.10. Normalised streamwise velocity for the single pier case and FDS with

H/Ay>1 at Y/D =2
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Figure B.11. Normalised streamwise velocity for the single pier case at Y/D =3
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Figure B.12. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.25 at Y/D =3
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Figure B.13. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.50 at Y/D =3
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Figure B.14. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.75 at Y/D = 3
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Figure B.15. Normalised streamwise velocity for the single pier case and FDS with
H/y>1at Y/D =3
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Figure B.16. Normalised streamwise velocity for the single pier case at Y/D =4
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Figure B.17. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.25 at Y/D =4
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Figure B.18. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.50 at Y/D = 4
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Figure B.19. Normalised streamwise velocity for the single pier case and FDS with
H/y=0.75 at Y/D = 4

218



uvf

1.30
1.20
1.10
1.00
0.80
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10

Zly

0.0 |\1‘||“|||||
' -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0

X/D

Figure B.20. Normalised streamwise velocity for the single pier case and FDS with
Hjiy>1atY/D=4
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B.2. Plots of Vertical Velocity Component
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Figure B.21. Normalised vertical velocity for the single pier case at Y/D = 1
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Figure B.22. Normalised vertical velocity for the single pier case and FDS with
H/y=0.25at Y/D =1
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Figure B.23. Normalised vertical velocity for the single pier case and FDS with
H/y=0.50 at Y/D = 1
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Figure B.24. Normalised vertical velocity for the single pier case and FDS with
H/y=0.75 at Y/D = 1
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Figure B.25. Normalised vertical velocity for the single pier case and FDS with H/y>1
atYD=1
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Figure B.26. Normalised vertical velocity for the single pier case at Y/D = 2
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Figure B.27. Normalised vertical velocity for the single pier case and FDS with
H/y=0.25 at Y/D =2
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Figure B.28. Normalised vertical velocity for the single pier case and FDS with

H/y=0.50 at Y/D =2
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Figure B.29. Normalised vertical velocity for the single pier case and FDS w
H/y=0.75 at Y/D =2
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Figure B.30. Normalised vertical velocity for the single pier case and FDS with H/y>1
at Y/D =2
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Figure B.32. Normalised vertical velocity for the single pier case and FDS with
H/y=0.25 at Y/D =3
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Figure B.33. Normalised vertical velocity for the single pier case and FDS with
H/y=0.50 at Y/D =3
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Figure B.34. Normalised vertical velocity for the single pier case and FDS with
H/y=0.75 at Y/D =3
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Figure B.35. Normalised vertical velocity for the single pier case and FDS with H/y>1
at Y/D =3
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Figure B.36. Normalised vertical velocity for the single pier case at Y/D =
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Figure B.37. Normalised vertical velocity for the single pier case and FDS with

H/y=0.25 at Y/D = 4
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Figure B.38. Normalised vertical velocity for the single pier case and FDS with
H/y=0.50 at Y/D = 4
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Figure B.39. Normalised vertical velocity for the single pier case and FDS with
H/y=0.75 at Y/D = 4
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Figure B.40. Normalised vertical velocity for the single pier case and FDS with H/y>1
at Y/D =4

231



B.3. Plots of Absolute Flow Velocity and Streamlines
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Figure B.41. Normalised absolute flow velocity and Streamlines for the single pier
caseat Y/D =1
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Figure B.42. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.25 at Y/D = 1

232



7y

e . i it TR === e =T
-4.0 30 2.0 -1.0 0.0 1.0 2.0

0.0

X/D

Figure B.43. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.50 at Y/D = 1
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Figure B.44. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with Hy=0.75 at Y/D = 1
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Figure B.45. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y>1 at Y/D = 1
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Figure B.46. Normalised absolute flow velocity and Streamlines for the single pier
case at Y/D =2
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Figure B.47. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.25 at Y/D =2
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Figure B.48. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.50 at Y/D =2
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Figure B.49. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.75 at Y/D =2
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Figure B.50. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y>1 at Y/D =2
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Figure B.51. Normalised absolute flow velocity and Streamlines for the single pier
case at Y/D =3
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Figure B.52. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.25 at Y/D =3
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Figure B.53. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.50 at Y/D =3
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Figure B.54. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.75 at Y/D =3
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Figure B.55. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with Hy>1 at Y/D =3
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Figure B.56. Normalised absolute flow velocity and Streamlines for the single pier
case at Y/D =4
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Figure B.57. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.25 at Y/D =4
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Figure B.58. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.50 at Y/D =4
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Figure B.59. Normalised absolute flow velocity and Streamlines for the single pier
case and FDS with H/y=0.75 at Y/D =4
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Figure B.60. Normalised absolute flow velocity and Streamlines for the single pier

case and FDS with Hy>1 at Y/D =4
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B.4. Plots of Streamwise Turbulence Intensity
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Figure B.61. Normalised streamwise turbulence intensity for the single pier case at
YD=1
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Figure B.62. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.25 at Y/D = 1
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Figure B.63. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.50 at Y/D = 1
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Figure B.64. Normalised streamwise turbulence intensity for the single pier case and
FDS with Hy=0.75 at Y/D = 1
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Figure B.65. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y>1 at Y/D = 1
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Figure B.66. Normalised streamwise turbulence intensity for the single pier case at
Y/D=2
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Figure B.67. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.25 at Y/D = 2
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Figure B.68. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.50 at Y/D =2
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Figure B.69. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.75 at Y/D = 2
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Figure B.70. Normalised streamwise turbulence intensity for the single pier case and
FDS with Hy>1 at Y/D =2
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Figure B.71. Normalised streamwise turbulence intensity for the single pier case at
YD=3

Tlu/

0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

Zly

Ll

~ A 4

S v
g\ U 6 L 7%
bl e.O'J . Olﬂ‘?\;‘ A

-4.0 -3.0 -2.0 -1.0 0.0 10 2.0

X/D

Figure B.72. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.25 at Y/D = 3
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Figure B.73. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.50 at Y/D = 3
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Figure B.74. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.75 at Y/D = 3
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Figure B.75. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y>1 at Y/D =3
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Figure B.76. Normalised streamwise turbulence intensity for the single pier case at
YD=4
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Figure B.77. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.25 at Y/D = 4
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Figure B.78. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y=0.50 at Y/D = 4
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Figure B.79. Normalised streamwise turbulence intensity for the single pier case and
FDS with Hy=0.75 at Y/D = 4
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Figure B.80. Normalised streamwise turbulence intensity for the single pier case and
FDS with H/y>1 at Y/D = 4
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B.S. Plots of Vertical Turbulence Intensity
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Figure B.82. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.25 at Y/D = 1
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Figure B.83. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.50 at Y/D = 1
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Figure B.84. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.75 at Y/D = 1
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Figure B.85. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y>1 at Y/D = 1
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Figure B.87. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.25 at Y/D = 2
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Figure B.88. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.50 at Y/D = 2
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Figure B.89. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.75 at Y/D = 2
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Figure B.90. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y>1 at Y/D =2
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Figure B.91. Normalised vertical turbulence intensity for the single pier case at Y/D =
3
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Figure B.92. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.25 at Y/D = 3
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Figure B.93. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.50 at Y/D = 3
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Figure B.94. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.75 at Y/D = 3
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Figure B.95. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y>1 at Y/D =3
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Figure B.97. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.25 at Y/D = 4
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Figure B.98. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.50 at Y/D = 4
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Figure B.99. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y=0.75 at Y/D = 4
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Figure B.100. Normalised vertical turbulence intensity for the single pier case and
FDS with H/y>1 at Y/D = 4
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B.6. Plots of Turbulent Kinetic Energy
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Figure B.102. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.25 at Y/D = 1
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Figure B.103. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.50 at Y/D = 1
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Figure B.104. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.75 at Y/D = 1
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Figure B.105. Normalised turbulent kinetic energy for the single pier case and FDS
with Hy>1 at Y/D = 1
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Figure B.106. Normalised turbulent kinetic energy for the single pier case at Y/D =2
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Figure B.107. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.25 at Y/D = 2
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Figure B.108. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.50 at Y/D =2
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Figure B.109. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.75 at Y/D = 2
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Figure B.110. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y>1 at Y/D = 2
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Figure B.111. Normalised turbulent kinetic energy for the single pier case at Y/D =3
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Figure B.112. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.25 at Y/D = 3
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Figure B.113. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.50 at Y/D =3
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Figure B.114. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.75 at Y/D = 3
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Figure B.114. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y>1 at Y/D = 3

276



Zly

X/D

X/D

Figure B.117. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.25 at Y/D = 4
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Figure B.118. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.50 at Y/D = 4
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Figure B.119. Normalised turbulent kinetic energy for the single pier case and FDS
with H/y=0.75 at Y/D = 4
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Figure B.120. Normalised turbulent kinetic energy for the single pier case and FDS
with Hy>1 at Y/D = 4
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B.7. Plots of Reynolds Shear Stress
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Figure B.121. Normalised Reynolds Shear Stress for the single pier case at Y/D = 1
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Figure B.122. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.25 at Y/D = 1
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Figure B.123. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.50 at Y/D = 1
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Figure B.124. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.75 at Y/D = 1
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Figure B.125. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y>1 at Y/D = 1
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Figure B.126. Normalised Reynolds Shear Stress for the single pier case at Y/D =2
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Figure B.127. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.25 at Y/D =2
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Figure B.128. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.50 at Y/D =2
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Figure B.129. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.75 at Y/D =2
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Figure B.130. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y>1 at Y/D = 2
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Figure B.132. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.25 at Y/D = 3
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Figure B.133. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.50 at Y/D = 3
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Figure B.134. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.75 at Y/D = 3
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Figure B.135. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y>1 at Y/D = 3
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Figure B.137. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.25 at Y/D = 4
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Figure B.138. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.50 at Y/D = 4
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Figure B.139. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y=0.75 at Y/D = 4
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Figure B.140. Normalised Reynolds Shear Stress for the single pier case and FDS
with H/y>1 at Y/D = 4
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APPENDIX C

F-Distribution Table

C.1. F-Distribution Table for 95% Confidence Intervals

C.2. F-Distribution Table for 90% Confidence Intervals
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DF1

Table C.1. F-Distribution for 95% confidence intervals

DF2 1
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1.9317
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4.0847
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1.8389
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1.5089
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1.9926
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1.9588
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1.8337

1.7505

1.6587

1.6084

1.5543

1.4952
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1.3519
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Inf 3.8415
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2.3719

2.2141

2.0986

2.0096

1.9384

1.8799

1.8307

1.7522

1.6664

1.5705

1.5173

1.4591

1.394

1.318

1.2214

DF1: the numerator degrees of freedom

DF2: the denominator degrees of freedom
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1.4206
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APPENDIX D

Developed Code in MATLAB for PIV Data Analysis
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cle, clear

d=dir(fullfile('c:\",'Users','12174696','Documents','Matlab','Moh','PIV",'*.dat"));%

important

n=length(d);

disp(’ )
disp([num2str(n),' files have been read."])

disp(’ )

B = fopen(d(1).name,'r");

B2=textscan(B,'"%f %f %f %f %f %f','delimiter',' ','delimiter','/n','headerlines',4);

B3=length(B2{1,1});

D=25;

y=100;

Vbar=100;

% D=input('input pier diameter (mm): ');

% y=input('input water depth (mm): ');

% Vbar=input(‘input approach flow velocity (mm/s): ');

I=1;

A{l}=zeros;

X{I}=zeros;

Y {I}=zeros;

u{l}=zeros;

w{l}=zeros;

V{l}=zeros;

XX=zeros(B3,n);

YY=zeros(B3,n);

uu=zeros(B3,n);

ww=zeros(B3,n);

VV=zeros(B3,n);

NAME(D)={''};

for I=1:n
fid = fopen(d(I).name,'r");
[pathstr,name,ext] = fileparts(d(I).name);
NAME(I)={name};
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A{I}=textscan(fid,'%f %f %t %t %f %f,'delimiter,' ','delimiter','/n','headerlines',4);
XA =A{1,1}(1,1);
Y{L=A{LI}(1,2);
w{l}=A{1,I}(1,3);
wi{l}=A{1,1}(1,4);
VA{I}=A{1,1}(1,6);
XX(G,D=X{1,1} {:,1};
YY(CG,D=Y {11} {1,1};
uu(:,D)=u{l,I} {1,1};
ww(:,D=w{l,I}{1,1};
VV(ED=V{LI}{1,1};
fclose(fid);

end

Xa=mean(XX,2);

Ya=mean(YY,2);

ua=mean(uu,2);

wa=mean(ww,2);

Va=mean(VV,2);

Ma=[Xa Yaua wa Va];

fu=uu-ua;

fw=ww-wa;

fu2=fu.”2;

fw2=fw."2;

fuw=-fu.*fw;

fu2a=mean(fu2,2);

fw2a=mean(fw2,2);

Tlu=(fu2a.”0.5);

TIw=(fw2a.”0.5);

TI=(0.5.*(fu2a+fw2a)).”0.5;

TKE=0.5.*(fu2a+fw2a);,

RSS=mean(fuw,2);

MF=[(Xa-15)./D Ya./y va./Vbar wa./Vbar Va./Vbar TIu./Vbar TIw./Vbar TL./Vbar

TKE./(Vbar.”2) RSS./(Vbar.”2)];
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% disp(Ma);

%
col_header={'X/D"'Y/y','w/V','w/V",'Va/V",'TIuv/V', TIw/V",' TI/V', TKE/V"2''RSS/V"2'};
% xlswrite('Output4.xlsx',MF,'Sheet1','A2");

% xlIswrite('Output4.xlsx',col _header,'Sheetl','A1");

% % figure

% plot((Xa-15)./D, Ya.ly, -ro"); grid('on');

% ylim([0,1])

% xlim([0,37.5])

% quiver((Xa-15)./D,Ya./y,ua./Vbar,wa./Vbar)

% xlabel("X/D"); ylabel('Y/y")

% ylim([0,1])

plot((Xa-15)./D,Ya./y)

% xlim([-.6,2.5])

% plot(ischange(the tab.posY), '-ro")

% x1im([90, 110]); grid on

%% Open the text file.

% fileID = fopen(d(I).name,'r");

%% Read columns of data according to the format.

% This call is based on the structure of the file used to generate this

% code. If an error occurs for a different file, try regenerating the code

% from the Import Tool.

% % dataArray = textscan(fileID, formatSpec, 'Delimiter', delimiter, "TextType', 'string’,
'EmptyValue', NaN, 'HeaderLines' ,startRow-1, 'ReturnOnError’, false, 'EndOfLine',
"r\n");

%% Close the text file.

% % fclose(fileID);

%% Post processing for unimportable data.

% No unimportable data rules were applied during the import, so no post
% processing code is included. To generate code which works for

% unimportable data, select unimportable cells in a file and regenerate the

% script.
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%% Create output variable
% % Export000 = [dataArray{1:end-1}];
%% Clear temporary variables

% % clearvars filename delimiter startRow formatSpec fileID dataArray ans;
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