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ABSTRACT

Conventional pile breakwater is a pervious structure built using prismatic circular piles
and it has been proven to provide partial protection efficiently. Increasing the size of
the pile breakwater in the vicinity of the free surface increases its hydraulic efficiency,
as most of the wave energy is concentrated there. In the present study, the conventional
pile breakwater model is modified by widening the cross-sectional area of the piles at
the surface level in a conical shape termed as conical pile head breakwater (CPHB).
The influence of the dimensionless structural parameters such as relative diameter
(D/Hmax), relative height (Y/Hmax), relative clear spacing (b/D) and relative clear
spacing between rows of CPHB (B/D) on the hydraulic performance is
comprehensively explored through physical model studies. The hydraulic performance
of the model includes wave transmission (K:), wave reflection (K;) and energy
dissipation (Kg) coefficients. The study is carried out under monochromatic waves of
varying wave height (0.06 m to 0.16 m) and wave period (1.4 s to 2 s) at different depths
of water (0.35 m, 0.40 m and 0.45 m). For single-row non-perforated CPHB, the
structural configuration of D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1 have emerged as
the best performing model for which a smaller value of K; of 0.66 is obtained along
with K of 0.22 and Kq of 0.72. Further, the investigation is carried out to determine the
influence of the second row of similar piles arranged in a staggered manner. For two
rows of CPHB, B/D of 0.4 is the optimum spacing, which provided a minimal K; of
0.58 with K; of 0.24 and Kg of 0.79. The addition of a second row of piles with a similar
configuration reduces the K; by a maximum of 12.34% compared to a single row of
CPHB. However, from the construction point of view, driving two rows of piles at a
closer spacing in the field may give rise to technical issues and practical difficulties
such as disturbance of neighbouring piles, altering soil bearing capacity, equipment
manoeuvring and restricted access for construction and maintenance personnel due to

the limited space.



To ward off such possibilities, an effort is made to enhance the functionality of single
row of CPHB structure by introducing perforations to encourage energy dissipation.
The influence of perforations on the performance of the perforated CPHB is
comprehensively investigated through physical model studies. The effect of
perforations and their distribution around the pile head (Pa), percentage of perforations
(P) and size of perforations (S/D) on the wave attenuation characteristics are evaluated
to arrive at an optimum configuration. A minimum K; of 0.58 associated with K; of
0.26 and Kq of 0.78 is obtained for an optimum configuration of Pa = 50%, P = 19.2%
and S/D = 0.25 at a water depth of 0.45 m. This result compares exceptionally well
with that of two rows of CPHB. Overall, providing the perforations is found to be
effective in enhancing the wave attenuation capability by up to 12.4%. The K; of the
proposed CPHB is about 19 to 35% lesser than that of the perforated hollow pile

breakwater under matching test conditions.

To ascertain the suitability of an open-source software REEF3D in CPHB modelling,
selected cases of CPHB are numerically simulated and the results are validated with the
experimental data. For non-perforated CPHB, the numerical results are under predicted
for Kt (less than 4%) and over predicted for Kr and Kq (less than 9%). For the perforated
CPHB, the variation is slightly higher (up to 12%) compared to the non-perforated
structure. Validation of the numerical results with the experimental data shows that
REEF3D produces reliable results with acceptable RMSE values. In addition, a set of
empirical equations is derived using the data fitting technique for quick prediction of
Kt and K of CPHB. The empirical equations estimate the K; and K: values quite
accurately with a high coefficient of determination (R?>0.90). The overall performance
of the CPHB is found to be promising and therefore, may be considered as one among
the host of measures for the purpose of wave energy damping necessary for various

shore/nearshore applications.

Keywords: Pile breakwater, conical pile head breakwater, perforated pile head,
physical model studies, numerical modelling, wave transmission, wave reflection,

energy dissipation.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The ocean is well known for its enormous power and dynamic nature. Construction of
structures and facilities in the coastal areas without any protective considerations would
be practically impossible. Breakwaters are constructed to safeguard the coastline
infrastructures, erosion, amenities and communities from such destructive forces. One
of the most common types of hard structures is rubble mounds and caisson breakwaters.
Extensive studies on these conventional gravity-type breakwaters, such as rubble
mounds and caissons, showed that they are effective in performance and stability
against the design wave forces.

These breakwaters are ideal for harbours where maintaining tranquillity is essential for
manoeuvring and mooring of ships. However, the gravity-type breakwaters are gigantic
and alter the natural sediment movement (Mojtahedi et al. 2020; Suh et al. 2006; Teh
et al. 2013). The width and weight of the conventional type breakwaters increase with
water depth, requiring a great amount of construction material. These structures are also
responsible for environmental degradation due to the quarrying and transportation of
large-sized armour stones. Also, these structures block littoral drift and may cause
severe erosion or accretion in neighbouring beaches. In addition, they prevent the
circulation of water and so deteriorate the water quality near the coast. In some places,
they obstruct the passage of fishes and bottom-dwelling organisms (Elsharnouby et al.
2012; Suh et al. 2007).

Even though the breakwaters are primarily deployed to maintain tranquillity, in a few
specific coastal areas, they can be used as an energy absorbent for addressing the
problems associated with coasts, such as coastal erosion, beach profile restoration and

realignment. For some coastal facilities, such as fishing harbours, recreational sites, oil



jetties, and marinas, partial wave attenuation is sufficient. A certain extent of wave
activity is desirable in coastal protection work to facilitate sediment motion to maintain
the dynamic equilibrium of beaches. An environmentally friendly structure constructed
for coastal protection without spoiling the beauty of the natural beach is always a better
option. Hence, there is a need for research on environment-friendly breakwaters.
Environmental friendly breakwaters are the ones that consume lesser resources, easy to
construct, allow the exchange of water between the sea and lee side, facilitate
unhindered movement of marine life and do not hamper the sediment movement. In
such cases, pile structures may be adopted which are capable of sheltering the coastal
area to a reasonable extent. These pile structures may be a viable alternative to the
gravity-type breakwaters in an environmentally sensitive site where complete wave

tranquillity is not essential.

1.2 PILE STRUCTURES

Pile structures can broadly be classified into pile breakwaters and pile-supported
breakwaters. These pile structures are gaining momentum due to their advantages over
conventional breakwaters. While offering partial protection, these pile structures allow
some amount of wave energy to pass on to the lee side and allow an exchange of water
and sediment, thus do not influence the environment adversely. In addition, the pile
breakwaters consume lesser resources and occupy a comparatively smaller area on the
sea bed and are more economical than the conventional breakwaters, specifically when
constructed in deep water (Isaacson et al. 1998; Laju et al. 2005; Ramnarayan et al.
2021; Suh et al. 2006). Pile breakwaters are generally the preferred economical option
when the hard stratum is absent at a nominal depth and wave climate is moderate (Laju
et al. 2011; Sundar and Subbarao 2003).

1.2.1 Pile breakwater

Pile breakwaters consist of closely spaced prismatic piles and are generally constructed
parallel to the shoreline. Using a circular section as a breakwater prevents significant
torsional moments and corner stress concentrations induced by the wave action on the

pile breakwaters. Significant cost savings may be attainable by using circular concrete



pipes due to the low manufacturing cost (Isaacson et al. 1998). In the past, many
researchers have studied the performance of pile breakwaters, also called as
conventional pile breakwaters (Figure 1.1a). Some of the important pile breakwaters
investigated by various authors available in the literature and relevant to the present

work are illustrated in Figure 1.1.
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Figure 1.1 Typical representation of pile structures investigated by various

researchers



In order to enhance the performance of the pile structures, perforations were introduced
on the surface of the structures. The perforations were expected to increase the wave-
structure interaction resulting in higher energy dissipation. The experiments carried out
by Rao et al. (1999, 2002) on two rows of perforated hollow pile breakwater revealed
that the wave attenuation capability of the perforated hollow pile breakwater is better
than that of the non-perforated one. The performance of the two rows of perforated piles
was investigated by Anuar and Sidek (2012). The study indicated that the size of
perforations has a significant influence on wave attenuation characteristics. Pile
breakwater structures have been constructed around the globe and are seen to be
working effectively. A single row of pile breakwater constructed at Pelangi beach

resort, Langkawi, Malaysia, is shown in Figure 1.2.

Figure 1.2 Front and side view of a single row pile breakwater constructed at
Pelangi beach resort, Langkawi, Malaysia (Reedijk and Muttray 2009)

Some examples of existing pile breakwater structures are a reinforced concrete pile
breakwater at Hanstholm, Denmark; closely spaced cylinder shells at Marsa el Brega,
Libya; a steel pipe breakwater at the Port of Osaka, Japan; a concrete pipe breakwater
at Pass Christian, Mississippi (Herbich and Douglas 1988); closely spaced piles at Half
Moon Bay Marina, New Zealand (Hutchinson and Raudkivi 1984); a single row of pile
breakwater at Pelangi Beach Resort, Malaysia (Koraim and Salem 2012; Reedijk and
Muttray 2009); sheet pile breakwaters at Bay St. Louis, USA; an interlocking type pipe
breakwater at the Port of Ust-Luga, Russia; a steel pipe breakwater at Tanah Merah,
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Figure 1.3 Pile breakwater under construction in Zhoushan Islands, East China
(Yinetal. 2021)

Singapore (Jeya et al. 2021); and Zhoushan Islands, East China (Yin et al. 2021). A Pile
breakwater under construction in Zhoushan Islands, East China is illustrated in Figure
1.3.

1.2.2 Pile-supported breakwater

Even though the conventional pile breakwater is proved to be efficient, the construction
of piles at closer spacing may pose practical difficulties such as pile driving or pile
construction. To overcome these constraints, pile-supported breakwaters were proposed
where a large barrier was provided on a series of piles located at a larger spacing. Mani
and Jayakumar (1995) investigated the performance of suspended pipe breakwater,
which consisted of an array of piles mounted on a frame that was suspended with the
help of support piles. The construction cost of the suspended pipe breakwater was
reported to be 40% cheaper than the conventional pile breakwater. Rao and Rao (2001)
conducted physical modelling studies on the performance of suspended perforated pipe
breakwater (Figure 1.4a) and revealed that the perforated structure enhances the wave
attenuation capability of the structure with enhanced energy dissipation. A zigzag
porous screen breakwater was proposed by Mani (2009) where, a zigzag porous screen
was suspended between two rows of staggered piles (Figure 1.4b). Further, many

studies were conducted by mounting different types of barriers/structures on the pile



supports. The various shapes considered were T-type (Neelamani and Rajendran
2002b), 1-type (Neelamani and Rajendran 2002a), U-type (Gilinaydin and Kabdasli
2004) and IT-type (Glnaydin and Kabdasli 2007).
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Figure 1.4 Schematic representation of different pile-supported breakwaters

Further research was carried out on pile-supported structures such as quadrant front-
face pile-supported breakwater (Sundar and Subbarao 2003), pile-supported caisson
breakwater (Duclos et al. 2001), curved and vertical front-face pile-supported
breakwater (Ramnarayan et al. 2020, 2021, 2022) and pile-supported semi-circular
breakwater (Teh et al. 2012, 2013). L-shaped and C-shaped bars were attached to the
pile breakwaters to a certain depth to provide a higher obstruction area at the surface
level (Koraim 2014; Koraim et al. 2014).

Pile-rock breakwater (PRBW) was constructed to protect the coast along Dongying City
in China and Mekong Delta in southern Vietnam, as presented in Figure 1.5. The pile-
rock breakwater mainly includes two rows of closely spaced piles connected by
reinforced concrete beams and a rock core between them. Xuan et al. (2020) reported
that PRBWs significantly reduced the impact of waves, and protected and rejuvenated

the mangrove forest. It was also stated that PRBWs have more advantages than the



Figure 1.5 Double-row pile structure with rock core constructed at Dongying City,
China (Xuan et al. 2020)

conventional type of breakwater due to their increased potential to combat erosion and
stability. In addition, pile-supported breakwaters have been proved effective as an
alternative solution for gravity-type structures at Half Moon Bay Marina in New
Zealand (Hutchinson and Raudkivi 1984), Manfredonia port in Italy, Yeoho port in
South Korea, Blaine harbour at Washington (Jeya et al. 2021) and the North-Western
coast of Egypt (Elsharnouby et al. 2012).



1.2.3 Advantages
Pile structures offer a number of desirable characteristics that allow them to be
potentially used as coastal defence structures (Teh 2013), some of which are listed

below.

1. Low construction cost
Pile structures require less concrete/steel per unit run as compared with the
conventional breakwaters, especially when constructed at sites with relatively
large water depths (Neelamani and Reddy 1992).

2. Ease of construction
Compared to conventional breakwaters, pile structures can be easily installed
using concrete or steel piles by cast in-situ or pile-driving technique with the help
of barge-mounted cranes.

3. Applicability in poor soil foundation and complex bathymetry
The construction of pile structures is hardly influenced by the bottom soil
condition. The pile structures can be constructed at steep slope foreshore where
the nature of the bathymetry makes the construction of the conventional
breakwater to be less feasible.

4. Eco-friendly structure
The methods used for pile breakwater construction reduce environmental
impacts, e.g. noise and dust pollution on-site, at the quarry and in transport to the
site. The breakwaters permit adequate flow exchange between the partially
enclosed water body and the open sea, enabling fish migration, preservation of
water quality and sediment transport activity.

5. Reduced visual impact
The breakwaters have a low profile and are particularly favourable to beach users.
They can sustain and preserve the natural beauty and tourist potential of the

beach.



1.2.4 Applications and limitations

The pile structures offer only partial protection from the waves and their applications
may be restricted to fishing harbours, tourist sites, oil jetties, marinas and coastal
protection. These structures may also be employed for beach profile restoration and
realignment works where, partial wave attenuation may be adequate and the sites are
exposed to moderate wave action. These pile structures may be built together with the
main structures, such as seawalls, jetties or even conventional breakwaters, to reduce
the pressures and forces exerted on the main structures and maximise their overall
hydraulic efficiency (Hsu and Wu 1999; Hu et al. 2002).

During extreme wave conditions, pile structures may not provide adequate protection
to the sheltered regions and suffer from functional failures despite surviving
structurally. In exceptional cases/situations, wave loadings and overtopping may also

threaten its stability and integrity.

1.3 PRESENT STUDY

A pile breakwater is a permeable structure consisting of closely spaced single/multiple
rows of piles. The wave attenuation in conventional pile breakwater takes place due to
the combined effects of flow separation, contraction, intense flow through gaps, vortex
formation, turbulence and eddy shedding. It is a well-known fact that the orbital motion
of the water particles is maximum near the free surface and reduces gradually with the
depth, as exhibited in Figure 1.6. To achieve the economy, it is better to increase the
area of the piles near the water surface (Teh 2013) and incorporate perforations for
obstructing the waves where wave activity is predominant. Therefore, the conventional
pile breakwater model is modified by widening the cross-sectional area of piles at the
surface level in a conical shape, termed as conical pile head breakwater (CPHB). Due
to the increased area of piles in the vicinity of free surface, the proposed CPHB structure
is expected to induce higher resistance against wave propagation, which contributes to
increased wave attenuation. Further, during the wave-structure interaction, a certain
amount of water flows in and out of the conical pile head through the perforations,

contributing to additional wave attenuation by inducing additional turbulence.



Intermediate depth Deep water depth

Figure 1.6 Water particle orbital motion at various depths of water (Deo 2013)

The proposed CPHB concept is an environment-friendly structure and it may overcome
the difficulties due to the closer construction of conventional piles as a breakwater
structure with improved efficiency. This structure gives partial protection from waves
and it may be adequate for beach erosion control, small fishing harbours, marinas and
recreational beach stretch. Due to the presence of gaps between the piles, the proposed
structure helps to maintain the quality beaches as it does not interfere with the littoral
drift and permits the passage of water and aquatic life. Hence, a detailed investigation
of the hydraulic performance of pile breakwater, with the increased cross-sectional area

near the free surface of the water is essential.

1.4 ORGANISATION OF THE THESIS
The research topic is introduced in Chapter 1. This includes the need for an eco-friendly

mechanism for attenuating waves and scores of ideas to realise it.

Chapter 2 covers a review of relevant literature on pile/pile-supported breakwaters,
including experimental, numerical and hybrid theoretical model studies. Based on the
knowledge gap identified, the research problem and objectives of the present study are

formulated.
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The physical and numerical modelling details of the conical pile head breakwater are
described in detail in Chapter 3, which includes the model scale selection, test setup

and procedure, methodology and working principle of the proposed CPHB structure.

Chapter 4 discusses the results of the present investigation obtained through the
physical modelling of non-perforated and perforated CPHBs. Further, validation of the
numerical modelling results and empirical equations with experimental data is

presented in this chapter.

The present research work is summarised and the important conclusions derived find

their place in Chapter 5.
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CHAPTER 2

LITERATURE REVIEW AND PROBLEM IDENTIFICATION

Exploring the environmental friendly options to address the wave energy attenuation
solutions at the designated areas is a present day necessity. Due to the drawbacks
associated with the massive structures, permeable structures may be preferred over
conventional breakwaters for the attenuation of waves. A pile breakwater is one such
permeable structure which can dampen the wave energy and provide partial protection.
The pile breakwaters are innocuous to the environment and do not hamper the beauty
of the natural beaches. Hence, a detailed study on the effectiveness of pile breakwater

IS necessary.

Before carrying out any research work, proper identification of a research problem is
essential. For this purpose, an extensive literature review is carried out on pile
structures. The literature on the experimental, numerical and hybrid theoretical
investigations on the wave attenuation characteristics of pile structures are briefly

discussed in the following sections.

2.1 PHYSICAL MODELLING STUDIES

One of the earliest known works on closely spaced piles was by (Costello 1952),
wherein it was attempted to determine the wave transmissibility of piles. Experimental
studies were conducted on wooden piles by varying the spacing between the piles in a
row and multiple rows of piles. It was observed that irrespective of the density and
configuration of piles, doubling the number of pile rows led to a reduction of wave

transmission by up to 18%.

A mathematical equation was proposed by Weigel (1961) for the wave transmission
coefficient of closely spaced piles. The equation for K: was expressed in terms of

geometry and spacing between piles only. The proposed equation was of the form,

13



/ b
K, = 0D (2.1)

Where Kt is the transmission coefficient, b is the clear spacing between piles and D is
the diameter of the pile. The transmitted wave height obtained through experimental
work was found to be about 25% more than the theoretical prediction, and this variation

was due to diffraction effects which were neglected in the equation.

Experiments conducted by Bovin (1964) on the slotted vertical wall breakwater showed
that the width of the structure plays a significant role in wave energy dissipation. It was
concluded that the total void ratio (ratio of the area of the opening in the wall to the area
of the wall) on the seaward side was vital than individual hole characteristics and the
shape of the hole had an insignificant effect on the energy dissipation characteristics of

the perforated structure.

Hayashi et al. (1966) and Hayashi and Masataro (1968) studied the interaction of
monochromatic waves with a single row of piles, both analytically and experimentally.
An analytical solution was derived for the transmission and reflection coefficient of

waves using the shallow water wave theory. The proposed equations were of the form,

h 2 Hi
Ki=4— e|-e+,[e +— (2.2)
H, 2h

K, =1-K, (2.3)

€ = (2.4)

Where K is the transmission coefficient, K is the reflection coefficient, € is the
porosity, h is the water depth, Hi is the incident wave height, and C is the coefficient of
discharge between each spacing of the pile row. The analytical predictions were in good

agreement with the experimental data. The experimental results conducted by Truitt
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and Herbich (1987) using irregular waves indicated that the mathematical relationships

developed for monochromatic waves might apply to irregular waves also.

Kondo and Toma (1972) investigated the effect of an idealised porous structure on wave
attenuation characteristics such as transmission and reflection coefficients. The typical
representation of the structure is presented in Figure 2.1. From the experiments, it was
found that as the relative thickness of the structure (B/L, where, B is the thickness of
perforated structure and L is the wavelength) increased, the reflection coefficient
increased and the transmission coefficient exponentially decreased.

Figure 2.1 Typical representation of the porous structure (Kondo and Toma 1972)

Weele and Herbich (1972) used an experimental approach to investigate the wave
transmission and reflection of four rows of piles while altering the wave wavelength
and wave height. The influence of pile spacing (longitudinal and transverse direction)
and pile configuration (rectangular and staggered) on wave transmission was also
investigated. The results were presented in a dimensionless form to analyse the
influence of pile geometry and steepness of waves on wave transmission and wave
reflection. The study concluded that the reflection coefficient and transmission
coefficient of a pile group reduced with the reduction of incident wave steepness. It was
also reported that the reflection coefficient reduced with a reduction of spacing between

the piles in both the longitudinal and transverse directions.
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A case history of a constructed pile breakwater was analysed by Hutchinson and
Raudkivi (1984), which was built at Half Moon Bay Marina Auckland, New Zealand
in 1970. The typical cross-section of the breakwater is demonstrated in Figure 2.2.
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Figure 2.2 Typical cross section of the pile breakwater built at Half Moon Bay
Marina Auckland, New Zealand (Hutchinson and Raudkivi 1984)

Before construction, physical tests were carried out in a wave flume which showed that
about 50% reduction of wave height could be obtained by using vertical timber piles of
300 mm diameter with a clear spacing of 37 mm. Field observations showed that the
breakwater had provided satisfactory shelter to 485 boats with no maintenance for the

first twelve years.

Hagiwara (1984) presented an analytical solution for the reflection and transmission
coefficient of vertical structures. Numerous factors which were associated with wave
and physical conditions that have a major influence on wave attenuation were examined
for the breakwater with perforated vertical walls provided on both landward and
seaward sides. The theoretical results were compared with experimental work carried
out by Kono and Tsukayama (1981) and found to be in good agreement concerning

reflection and transmission coefficient. It was concluded that it was essential to find out

16



the relative chamber width (defined as the ratio of the spacing between the walls to the
wavelength) and the opening ratio (defined as the ratio of the area of the opening to the
surface area of the wall) of the pervious wall for reducing reflection and transmission

coefficients.

Herbich and Douglas (1988) compared the performance of two rows of pile breakwater
over a single row using experimental investigation. As predictable, the two rows of pile
breakwater were found to be more efficient in wave transmission than the single row of
piles. The addition of the second row of piles under similar wave conditions with a
constant b/D ratio (where b is the clear spacing between piles and D is the diameter of
the pile) of 0.2 resulted in the decrease of wave transmission by 15%; for a b/D ratio of

0.1, the transmission of the wave was decreased by 5 to 10%.

Herbich (1990), based on experimental studies on a single row of pile breakwater,
concluded that transmission of the wave increased with an increase in the period of
monochromatic waves. The wave transmission was also found to increase with an
increase in the relative wave height and wave steepness. It was observed that the
addition of the second row of piles under a gap ratio of 10% had decreased the wave
transmissibility by 5% to 10%. For the considered range of test parameters, the diameter
of the pile had a negligible influence on the transmission of waves, whereas the relative

spacing had a significant influence on wave transmission.

The interaction of small amplitude waves with a group of vertical cylinders was studied
experimentally and theoretically by Kakuno and Liu (1993). The flow separation and
wave energy dissipation around the cylinders were modelled empirically. The energy
loss coefficients (f) for square cylinders (f = 1.5) and circular cylinders (f = 0.75) were
determined by comparing experimental and theoretical results. The authors stated that
the research conducted was reliable to limited cases, and more laboratory experiments
and field experiments are needed to determine the empirical coefficient for different

geometrical shapes and wave parameters.

17
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Figure 2.3 Details of suspended pipe breakwater (Mani and Jayakumar 1995)

Physical model studies were carried out on a suspended pipe breakwater by Mani and
Jayakumar (1995). The suspended pipe breakwater consisted of a row of closely spaced
pipes mounted onto a frame and suspended between the pile supports (Figure 2.3). The
study recommended a gap to diameter ratio (b/d) of 0.22 and a draft to water depth ratio
(y/h) of 0.46 to achieve a transmission coefficient of 0.5. For steep waves (Hi/gT? >
0.008), the wave attenuation accomplished was 50%, while for gentle waves (0.005 <
Hi/lgT? < 0.008), it was 40%.

Laboratory investigations were conducted by Rao and Rao (1999) and Rao et al. (2002)
on perforated hollow pipes to understand the hydraulic performance characteristics. The
definition sketch and details of perforated piles are presented in Figure 2.4. The
influence of water depth, incident wave steepness, arrangement of piles, clear relative
spacing between the piles and number of pile rows on transmission and reflection
coefficient was investigated. Introducing perforations on the piles proved to be more
efficient in reducing both wave energy and wave reflection than non-perforated piles.
It was found that as the incident wave steepness increased, the transmissibility of wave
decreased and wave reflection increased for both perforated and non-perforated piles.
The staggered arrangement of piles had reduced reflection to a considerable extent,
whereas, no significant improvement was observed in the transmission of waves. The
relative spacing of piles proved to be one of the important parameters in attenuating the
wave energy, and the study recommended a relative spacing of 1 to 1.5 between the
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pile rows for better attenuation. Similar findings have been reported earlier by Hayashi
and Masataro (1968) and Weele and Herbich (1972).
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Figure 2.4 Definition sketch and details of perforated piles (Rao and Rao 1999)

The performance of suspended pipe breakwater was further investigated by Rao and
Rao (1999, 2001) by imparting porosity on the surface of the pipes. The typical
arrangement of the perforated pipes is illustrated in Figure 2.5. The influence of incident
wave steepness, size of perforations, submergence depth, diameter of pipes, percentage
area of perforations and depth of water on hydraulic characteristics have been
investigated. The study revealed that as the submergence depth increased, the
transmission coefficient reduced and reflection increased, but beyond 50% of the depth
of submergence, the refinement was negligible. Pipes with a 25% area of perforations
were found to attenuate about 10% to 14% more wave energy than non-perforated pipes
and the perforated pipes reflected less wave energy when compared to non-perforated
pipes. The size of perforations did not exert a significant influence on the transmission
under a constant percentage of perforations. For the water depths considered, the effect
of water depth on transmission and reflection was negligible. The influence of the wave

period on wave transmission and reflection has not been identified.

Physical model studies were carried out by Neelamani and Vedagiri (2001) to
determine the performance characteristics of the twin vertical barriers. The schematic

perspective view of a partially immersed twin wall breakwater is presented in Figure
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Figure 2.5 Details of perforated pipes (Rao and Rao 2001)

2.6. The wave transmission under irregular waves was lower than the monochromatic
waves whereas, wave reflection was higher. The Kt value ranged from 0.60 to 0.8 for
monochromatic waves and 0.37 to 0.50 for irregular waves. The average wave energy
dissipation was lower for monochromatic waves (Kq = 0.55) than for irregular waves
(Kq =0.80). It was noted that the performance of the structure was better for the waves
with higher input energy levels than the lower input energy level. The results also
demonstrated that the test conducted for monochromatic waves exhibited conservative

results compared to those for irregular waves.

Neelamani and Rajendran (2002a) carried out an experimental investigation on a
partially submerged T-type breakwater (Figure 2.7) under monochromatic and irregular
waves. A comparison between the monochromatic and irregular wave test results
showed that the K of the studied structure was about 20% lower under irregular waves
than monochromatic waves indicating conservative results for monochromatic waves.
When the T-type breakwater was immersed about 7% of the total water depth, the Kt
was less than 0.35 under normal and high wave energy input. It was reported that the

tested breakwater was up to 65% effective in dissipating the incident wave energy.
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Figure 2.7 Schematic view of the T-type breakwater (Neelamani and Rajendran
2002a)

The wave transmission, reflection and dissipation characteristics of L-type breakwater

were investigated by Neelamani and Rajendran (2002b). The schematic view of the
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Figure 2.8 Schematic view of the L-type breakwater (Neelamani and Rajendran
2002b)

breakwater is illustrated in Figure 2.8. The range of K; values obtained was 0.05 to 0.74
and 0.10 to 0.50 under monochromatic and irregular waves, respectively. The overall
performance of the breakwater was found to be conservative under monochromatic
waves than irregular waves. A comparison between the hydraulic performance of I-
type and T-type breakwaters showed that latter was better than the former by about 20

to 30% under identical test conditions.

Sundar and Subbarao (2003) performed experiments for determining hydrodynamic
characteristics of an innovative type of pile-supported breakwater. As seen in Figure
2.9, the breakwater had a quadrant-circle front face that was supported by piles. The
variation of the reflection and transmission coefficients with the gap ratio (spacing
between the piles/pile diameter) and relative water depth (water depth/pile height) were
determined by subjecting to both monochromatic and irregular waves. Also, the
dynamic pressures acting on the seaside as well as the total forces acting on the entire
breakwater model was investigated. It was observed that under a constant gap ratio, the
transmission coefficient was more at a lower water depth. K; was found to vary from

0.1 to 0.55 for both monochromatic and irregular waves. The K due to irregular waves
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Figure 2.9 Details of quadrant front-face pile-supported breakwater model
(Sundar and Subbarao 2003)

was found to be about 5% more than that due to monochromatic waves. For a constant
gap ratio, as water depth increased, the reflection coefficient (K;) was found to be
increased. The study on the influence of pile spacing revealed that the gap ratio has a
negligible effect on K. The range of variation of K, was 0.25 to 0.85 for monochromatic

waves and 0.3 to 0.7 in case of irregular waves.

Giinaydin and Kabdasli (2004) carried out physical modelling studies on pile-supported
perforated U-type breakwater under monochromatic and irregular waves. The typical
view of the structure is presented in Figure 2.10. The test results indicated that the K
decreased with an increase in immersion depth. The performance of the breakwater in
irregular wave conditions was up to 30% better than that of monochromatic waves.
Under the monochromatic wave conditions, the structure with perforations exhibited an
average of 12% reduction in K, 18% reduction in K, and 4% increase in Kq compared
to non-perforated model. Whereas, under irregular waves, 4% reduction in K;, 20%

reduction in Kr and 4% increase in Kq was observed.

Analytical and experimental studies on single and two rows of pile-supported skirt
breakwater (Figure 2.11) were conducted by Laju et al. (2005). The performance of
double skirt breakwater was found to be better than single skirt breakwater in

attenuating the waves. The results showed that the wave transmissibility was dependent
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Figure 2.10 Definition sketch of U-type breakwater (Giinaydin and Kabdasli
2004)

on the maximum submergence of either the front or rear skirt, whereas, the reflection
was found to depend on the submergence of the front skirt. The study recommended a
relative spacing (B/h, where B was spacing between pile rows and h was the depth of

water) of one for better performance.

A mathematical model was developed by Suh et al. (2006) to determine the wave
transmission, reflection, wave force and run-up on a pile-supported vertical wall
breakwater using the Eigenfunction expansion method. Laboratory tests were
conducted on a vertical wall which was mounted on a single row of square-shaped piles
against monochromatic waves. The mathematical model efficiently reproduced most of
the essential features of the experimental outcomes. Later, Suh et al. (2007) modified
the mathematical model to be used for circular piles instead of rectangular piles. Ji and
Suh (2010) extended the study to multiple-row curtainwall-pile breakwater to compute
its hydrodynamic characteristics. The extended mathematical model was validated
using experimental data for two and three rows of pile breakwater with multiple
combinations of drafts of curtain walls, perforations and spacing between the pile rows.

The research concluded that wave transmission was significantly reduced by double-
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Figure 2.11 Pile-supported skirt breakwater (Laju et al. 2005)

row breakwater compared with a single-row breakwater, while the difference between
double-row and triple-row breakwaters was marginal. They also observed that the
transmission coefficient was highest when the distance between the pile rows was about
one-half of the wavelength.

Huang (2007) conducted laboratory investigations on closely spaced single and two
rows of rectangular piles (Figure 2.12). The study reported that with an increase in still
water level and wave height, the Kt was found to be decreased, and K; was found to be
increased. The study concluded that for two rows, K¢ was marginally affected by the
width of the chamber (spacing between the piles). Further, Huang (2007) developed a
linear wave solution for the preliminary design of single or double slotted breakwaters

and validated it with the experimental results.

Experimental and numerical examinations on pile-supported zigzag porous screen
breakwater by Mani (2009) indicated that a K of 0.5 could be attained at 50%
submergence for steep waves (Hi/gT?>0.008). The reflection coefficient was drastically
reduced (about 70%) in comparison with the other similar breakwaters (suspended pipe
breakwater and pile breakwaters). Force exerted by the zigzag porous breakwater was
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Figure 2.12 Monochromatic waves interacting with double slotted thin walls
(Huang 2007)

of the order of 50% less in comparison with an equivalent straight solid breakwater.
Numerical model results on the transmission coefficient underestimated the

transmission characteristics by about 20%.

Zhu (2011) formulated the interaction problem of monochromatic waves with a single
row of rectangular-shaped piles by neglecting the wall thickness and the width of the
slot. The fluid was assumed to be inviscid, incompressible and the motion as irrotational
away from the row of piles. Explicit equations were derived for wave transmission,
reflection, energy loss and wave forces for a single-row pile breakwater. Later, Zhu
(2013) modified the proposed equations by considering the influence of both the
nonlinear convective acceleration terms for the liquid flowing through the gaps and the
thickness of the structure. Further, the proposed equations were refined by Zhu and Xie
(2015) by considering the effect of the thickness of the structure and fluid viscosity on
the hydrodynamic behaviour of the model. The wave transmission and reflection
coefficients predicted by the mathematical model agreed with the experimental results
of Isaacson et al. (1998), Hagiwara (1984) and Kakuno and Liu (1993). The study
revealed that when the critical value (ratio of the distance between adjacent gaps to half
of the wavelength, i.e., 2b/L) exceeds one, the effect of the thickness of the structure on
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the hydrodynamic characteristics can be ignored. Whereas, if the critical value was less
than unity, the increase of the thickness can lead to wave resonance in these gaps and

significantly enhance the wave transmission.

The hydrodynamic performance of horizontal L-shaped bars suspending on vertical
piles was theoretically and experimentally analysed by Koraim (2014) under
monochromatic waves. A schematic diagram of the breakwater structure is shown in
Figure 2.13. A transmission coefficient of 0.38 and a reflection coefficient of 0.72 was
achieved when the L-shaped bars were provided throughout the total water depth and
for c/w = 0.2 and G/d = 0.33 (Where c is the distance between L-shaped bars, w is the
height of L-shaped bar, G is a clear distance between piles and d is pile diameter).
Comparison between experiments and theoretical results showed that the theoretical
model provided a reasonable estimate of the wave transmission, reflection and energy

dissipation coefficients.
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Figure 2.13 Schematic diagram of the pile breakwater with suspending horizontal
L-shaped bars (Koraim 2014)

Theoretical and experimental model studies were conducted by Koraim et al. (2014) to

assess the performance of double rows of piles with suspended horizontal C-shaped
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Figure 2.14 Schematic diagram of the pile breakwater with suspending

horizontal C-shaped bars (Koraim et al. 2014)

Figure 2.15 Physical model of the pile breakwater with suspending horizontal C-
shaped bars (Koraim et al. 2014)

bars under monochromatic waves. The schematic diagram of the structure and physical
model are presented in Figure 2.14 and Figure 2.15, respectively. The influence of the
ratio of water depth to the wavelength (h/L), pile diameter to the water depth (D/h) and

row distance to the water depth (B/h) was investigated.
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The theoretical model over predicted the Kt and under predicted the K with an accuracy
of £10% compared to that of experimental results. As the porosity of the C shaped bar
(&) increased from 0 to 0.5, K¢ increased from 0.2 to 0.5 and the reflection coefficient
decreased from 0.76 to 0.52. When & = 0.5, Y/h = 0.5, B/h = 1.25 and D/h = 0.125,
increasing the d/h (0.078 to 0.156) resulted in a reduction of K; (0.6 to 0.4) and increase
in K; (0.4 to 0.6).

Wave damping performance of the pile-supported arc and horizontal plate type
breakwater was assessed through physical experiments by Wang et al. (2016) under
monochromatic waves. The typical arrangement of the breakwater is shown in Figure
2.16. The study confirmed that the performance of arc plate type breakwater was better
than the horizontal type of breakwater. The K; of arc type plate breakwater was about
15% to 50% lower than the horizontal type plate breakwater. Similarly, the K; for arc
type plate breakwater was about 5% to 60% lower than the horizontal type plate
breakwater. The study also stated that relative width, height, gap and amount of arc in

the plate were the important parameters influencing the K; and K of the structure.
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Figure 2.16 Details of arc plate and horizontal plate breakwater models (Wang et
al. 2016)

Pile-rock breakwater (PRBW) was constructed to protect the coast along Mekong Delta
in southern Vietnam, as shown in Figure 2.17. The efficiency of PRBWs was tested by
physical model studies and results were verified through field study. It was reported

that the experimental investigation results were well matching with the field

29



observations. Xuan et al. (2020) reported that even after a decade of installation,
PRBWs showed a significant performance in reducing the impact of waves and
protected and rejuvenated the mangrove forest. The K; of the PRBW was in the range
of 0.3 to 0.4 and reflection was noticeably high (K = 0.45 to 0.6). It was also stated that
PRBWSs have more advantages than the conventional type of breakwater due to their

increased potential to combat erosion and stability.

Mature
mangrove Mangroves
- seedlings Pile-rock
Sea dyke breakwater
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Figure 2.17 Pile-rock breakwater in Phu Tan, Ca Mau province (Xuan et al. 2020)

Hydrodynamic characteristics of the curved and vertical front face pile-supported
breakwaters (PSB) were investigated by Ramnarayan et al. (2020) under
monochromatic waves. The schematic sketch of the PSB models is presented in Figure
2.18. Two different curved profiles, such as Galveston wall shape (GS-PSB) and
circular-cum parabola shape (CPS-PSB) were considered in the study. The
hydrodynamic performance of the structures was evaluated by comparing them with
the vertical face type (VW-PSB) structure. The K; of the GS-PSB (0.05 to 0.62) and
CPS-PSB (0.04 to 0.53) structures were found to be lower than that of the VW-PSB
(0.03 to 0.72). The K, was found to be the least for CPS-PSB (0.17 to 0.72) and
comparable for GS-PSB (0.40 to 0.98) with that of VW-PSB (0.44 to 0.92). Whereas,
a maximum Kg was observed for CPS-PSB (0.7 to 0.95) than the other two cases.
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Figure 2.18 Schematic sketch of the pile-supported breakwater models

(Ramnarayan et al. 2020)

The impact of incident wave direction on the hydrodynamic characteristics of the
quadrant face pile-supported breakwater (QPSB) and vertical face pile-supported
breakwater (VPSB) was investigated by Jeya et al. (2021) through experiments. The
schematic representation of VPSB and QPSB is illustrated in Figure 2.19. The study
was conducted at different water depths by exposing the structure to three different
oblique wave attacks (0°, 15° and 30° to the incoming wave). The K¢, K and Kq of the
structure were compared as a function of relative water depth. The study showed that
the K¢ and K would be lower, and the Kq would be higher when the wave attacking
angle is oblique to the structure.

— .
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Figure 2.19 Schematic representation of vertical face pile-supported breakwater

and quadrant face pile-supported breakwater (Jeya et al. 2021)
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2.2 NUMERICAL MODELLING STUDIES

OpenFOAM, REEF3D, FLOW-3D and SWASH are some of the numerical modelling
tools which can be employed for the simulation of pile/pile-supported structures. The
relevant literature on the numerical modelling of pile structures and their key findings

are discussed below.

Afshar (2010) worked on numerical wave generation using OpenFOAM software to
examine the capability of the software in numerical wave generation. For wave
generation, the relaxation technique was used. From the experiments, it was observed
that the outgoing waves got absorbed efficiently by the relaxation zone with a distance
of three wavelengths and wave generation zone of one wavelength. The study also
showed that grid resolution was highly dependent on the wave steepness and the steeper

the wave, the higher the number of grids required per wavelength.

Elsharnouby et al. (2012) proposed a double porous curtain wall breakwater made of
horizontal steel plate attached to the pile (Figure 2.20) for the North-Western Coast of
Egypt. The suitability of the proposed breakwater was analysed using a FLOW-3D
numerical model for the actual wave and bathymetry condition of the region. Results

showed that the proposed model could protect the shoreline without any adverse effects.

Liu et al. (2011) numerically investigated the interactions between a solitary wave and
a pile breakwater made of circular-shaped piles. The depth-averaged shallow water
equations were resolved by using the Bhatnagar-Gross-Krook (BGK) model-based
finite volume method. The numerically obtained results were in line with the
experimental results, particularly when the ratio of wave height to water depth was
small (< 0.25). When the ratio exceeded 0.25, a noticeable deviation of numerical data
from experimental results was observed. Both physical and numerical data indicated
that for solitary waves, as the spacing between the cylinders in a row reduced, the

transmission decreased and the reflection increased.

The potential of the OpenFOAM software in realistic wave generation and active wave
absorption was explored by Higuera et al. (2013a). Wave generation comprised of all
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Figure 2.20 Porous suspended breakwater proposed for the Egyptian North-
Western Coast by Elsharnouby et al. (2012)

the widely used theories, including specific piston-type wavemaker replication. Active
wave absorption was found to improve stability by reducing the energy of the system
and by correcting the increasing water level on long simulations. The numerical study
was extended by Higuera et al. (2013b) by simulating some of the complex coastal
processes in ocean engineering, such as wave breaking, wave run-up, and rip current
with OpenFOAM. Comparisons with similar experimental benchmark cases have

shown good agreement between experimental and numerical results.

Kamath et al. (2015) investigated wave forces and the flow field around cylinders
placed in a monochromatic wave field. Reynolds-averaged Navier-Stokes equation-
based open-source CFD model REEF3D was used for the investigation. The numerical
model was validated by comparing the numerical results with experimental data from
a large scale experiment performed by Mo et al. (2007). Further, the wave interaction
with a single large cylinder and a pair of large cylinders placed in tandem for different
incident wave steepnesses was studied. The numerically calculated forces were
compared with predictions using potential theory. The computed wave forces matched

the analytically predicted wave forces for lower wave steepness, whereas, for higher
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wave steepness, the numerically computed results were lower than the analytically

predicted wave forces by about 35%.

The wave reflections in a numerical wave tank (NWT) were analysed by Miquel et al.
(2018) for different simulation scenarios using the open-source model REEF3D with
different combinations of the relaxation method, Dirichlet method and active wave
absorption techniques. The wave reflections without any structures in the NWT were
studied for six different incident monochromatic waves considering linear, second and
fifth-order Stokes waves, solitary waves, cnoidal waves and irregular waves. Further,
wave breaking over a sloping bed and wave forces on a vertical cylinder were
calculated, and the influence of the reflections on the wave breaking location and the
wave forces on the cylinder were investigated. Also, a comparison with another open-
source CFD code OpenFOAM was carried out based on published results. The active
wave absorption method was found to be more efficient for long waves, whereas the
relaxation method performed better for shorter waves. The relaxation method-based
numerical beach generally resulted in lower reflected waves in the wave tank for most
of the cases simulated in the study. The comparably better performance of the relaxation
method was achieved at the cost of higher computational requirements due to the

relaxation zones that need to be included in the domain.

Aggarwal et al. (2018) investigated the capability of the REEF3D software on free
surface reconstruction by using theoretical and experimental data. The free surface was
reconstructed by spectrally decomposing the irregular wave train as a summation of the
harmonic components in coupling with the Dirichlet inlet boundary condition at wave
generation. The applicability of the proposed approach to generate irregular waves by
reconstructing the free surface was investigated for different coastal and ocean
engineering problems. The wave parameters such as amplitude, wave frequency and
wave phases were modelled with good accuracy in the time domain. The proposed
approach on irregular wave generation was also employed to model them in deep water.
Further, the irregular wave forces on a monopile were also investigated and found that

the amplitudes and phases of the wave force signal under irregular waves were
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accurately modelled in the time domain. The proposed approach on reproducing the
free surface elevation numerically using REEF3D provided accurate results for all the

benchmark cases studied.

The hydrodynamics of the flow within permeable pile groin fields on a beach slope was
studied using the phase resolving wave-flow model SWASH (Simulating WAves till
SHore) by Zhang and Stive (2019). Initially, a uniform coast without groins was
simulated to calibrate model parameters and validated with the laboratory observations.
To investigate the interactions between permeable pile groins and combined wave
current flow, the pile groins were introduced in the calibrated model. These simulations
showed that the longshore current velocities were retarded substantially by the pile
groins. The retarded flow by pile groins resulted in weakening the ability to transport
sediment alongshore. Within the groin fields, the retardation of longshore currents by a
three groin system with a 55% permeability was up to 33%, while a larger reduction
degree of 43% was obtained within the groin embayment of a five groin system with a
50% permeability. The overall consistence of the calculated results to the experimental
measurements revealed a robust capacity of the SWASH model in simulating and

investigating the flow fields affected by permeable pile groins.

The numerical performance of the different wave modelling techniques in the REEF3D
software was analysed by Wang et al. (2020) to educate the choice of wave models for
different coastal engineering scenarios. The different techniques available were Fully
Nonlinear Potential Flow (FNPF) model, Computational Fluid Dynamic (CFD) model
and non-hydrostatic shallow water model (SFLOW). CFD model solves the
incompressible Navier—Stokes equations with a RANS turbulence model. SFLOW
model reduces the computational costs significantly by solving the depth-averaged
shallow water equations with a non-hydrostatic extension based on a quadratic vertical
pressure profile. Whereas, FNPF solves the Laplace equation with fully nonlinear
boundary conditions. The performances of the different modules were validated and
compared using several benchmark cases, such as simple wave propagation, two-

dimensional wave breaking over a mild slope, three-dimensional wave breaking over a
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flat-tipped reef and wave propagation over a submerged bar. The comparison of results
for monochromatic waves indicated that all three approaches were capable of
computing the wave propagation. The submerged bar case showed high accuracy with
CFD and FNPF models, whereas, the SFLOW model failed due to its theoretical
limitations. The two-dimensional wave breaking case revealed that all three models
were able to represent wave energy dissipation accurately during the breaking of a
wave. For the case of three-dimensional wave breaking, the CFD model perfectly
mimicked the physics of wave propagation, including the complex overturning of the

wave during the breaking process with high computational time.

2.3 HYBRID THEORETICAL MODELS

From an engineering perspective, it would be advantageous to be able to predict the
hydraulic performance of the pile breakwater quickly using simple equations. In this
regard, Mei (1989) and Kriebel (1992) devised theoretical equations to evaluate the
hydraulic performance of non-perforated pile breakwaters. Further, to improve the
accuracy of these equations, Suh et al. (2011) and Suvarna et al. (2020, 2021) modified
the theoretical solutions by incorporating empirical coefficients. These empirical
parameters were obtained based on the extensive experiments conducted on the pile
breakwater. These modified equations are known as hybrid theoretical models. The
background of these theoretical and hybrid equations is described briefly below.

Mei (1989) derived the solutions for K; and K of non-perforated pile breakwater based
on continuity equations for shallow water depth. The Kiand K, for the monochromatic

waves propagating at a water depth (h) with the angular frequency (®) are given by,

K = (2.5)
t = [ —— .
Hi
1
K =1 (2.6)
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Where, U, =

(H?)Jg_k@_l, o if_(f :/Ii) and f = {_1 _ r

3n eC,

a _ 1
€ is the porosity (E = Z\j and € is the spatial variation of porosity (E = Bj

Cc is the contraction coefficient given by, C, = 0.6+0.4&°

Kriebel (1992) proposed similar equations based on the conditions of subjective water
depths as follows:

1+4T, -1

K, = V0T 2.7)
1+4T, -1

K= 1- Y (28)

. . _ f H, sinh(2kh) + 2kh
Where, transmission function (Tt) isequal to T, = —

6 (2%() sinh? (kh)

The equations for K; and K for the monochromatic waves flowing through non-

perforated pile breakwater at a depth of water of h with an angular frequency of ® is

given by Suh et al. (2011)

K, - 2(R+2) i 2Q 2.9)
(R+2)2 +Q2 (R+2)2 +Q2
2
K, = R(R+2)+Q r 2Q (2.10)

(R+2)* +Q? (R+2)* +Q?
K
Where, Q =1Kand R = bK
®
1 = length of jet flowing between the piles given by 1 = 2C and K is the wave

number.

TAloey L T ey
4A(l €) ) Where,é—12 (1-¢)

C is the blockage coefficient given by C=
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B = coefficient of linearised friction given by B =

_ ., 7-07
y is the friction coefficient, which is obtained empirically as y = 0.0584 [%)}

To make the equations suitable for both non-perforated and perforated hollow pile
breakwater, Suvarna et al. (2020, 2021) redefined the above defined friction coefficient

(v) using empirical method as,

Tp =7 - Xg (2.11)
g [Hi] 4 0433
S F f
v is the friction coefficient given by, vy = 1.569 —
(S
=0 s For non —perforated hollow pile breakwater
Where, Xy
4 H.
=Xp + %+F‘ ....... For perforated hollow pile breakwater

0.027 N 0.0282  0.0473
P'-3.24 6.79-P' P'-10.12

Where X, is given by, Xp =0.0117 P* +

L P
P'is given by, P' = 100
24 SUMMARY
The need for developing innovative structures for protecting the coastline has led to the
development of various kinds of breakwaters. With the improvement in technology,
different types of breakwaters were developed in different parts of the world. The
selection of a breakwater depends on a few specific criteria, such as hydraulic
performance of the structure and its environmental impact, construction cost and

maintenance. Hence, to optimise the construction and to provide an eco-friendly
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solution to wave attenuation requirements, alternative types of breakwater, such as pile

breakwater concept was introduced.

Many studies have been carried out to analyse the hydraulic performance of pile
breakwaters since their conceptualisation. These investigations have included
experimental, numerical and hybrid theoretical methods. To further optimise the
construction of pile breakwater and its performance, new ideas were developed, such
as perforated piles, pile-supported vertical wall breakwater, zigzag porous screen

breakwater and suspended pipe breakwater.

Based on the review of literature, it can be inferred that the pile diameter, spacing
between the piles, number of pile rows and their configuration, and perforation
characteristics such as percentage, size and distribution of perforations are the
governing factors in the design and performance of pile breakwater. For multiple rows
of piles, the performance of the pile breakwater is better with the staggered arrangement
than the regular one. Physical model tests conducted on pile breakwater with
monochromatic waves demonstrated conservative results compared to those for
irregular waves. The literature survey stressed that the perforated structures perform
better than non-perforated and may be preferred. In addition, the shape of perforations

showed an insignificant influence on the performance of pile structures.

25 KNOWLEDGE GAP

The literature review shed light on the various studies conducted on transmission,
reflection and dissipation characteristics of pile breakwater of different sizes, shapes,
and arrangements. Many studies have been conducted to optimise the construction and
performance of the pile breakwater with various types of pile and pile-supported
structures. The primary goal was to increase the wave attenuation on the lee side of the
structure. However, from the available literature, it is found that minimal studies have
been carried out by varying the cross-sectional area of piles in the vicinity of free

surface.
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2.6 PROBLEM FORMULATION

Wave attenuation near the shore is essential for many applications. This can be achieved
through various hard and other eco-friendly structures. While, hard solutions help
achieving this goal have their own disadvantages such as interfering with the sediment
movement, water quality issues on the lee side, cost of construction, etc. While, eco-
friendly measures, such as pile breakwaters are more efficient in terms of ease of
construction and have a wide range of applications that can be further optimised. These
objectives can be realised by increasing the cross-sectional area of the piles in the
conical shape near the vicinity of free surface. In this context, conical pile head
breakwater (CPHB) seems to fulfil the need in the search of an eco-friendly structure
to attenuate the waves. Further, this CPHB can be refined with perforations to improve

its performance.

2.7 OBJECTIVES
Based on the research gaps identified, the primary aim of the research is to explore the
hydraulic response of CPHB structure of varying configurations to the wave

propagation past the structure.

The objectives of the proposed study are:

1. To investigate different structural configurations of non-perforated CPHB against
varying wave climates to obtain the best hydraulic performance.

2. To evaluate the influence of perforation characteristics on the pile head to arrive at
the best configuration.

3. To prove the suitability of an open-source software REEF3D to simulate CPHB and
validate its results with the experimental data.

4. To evolve the optimum configuration of CPHB.

2.8 METHODOLOGY
The general methodology adopted for the present research work to achieve the

objectives is explained and the flow chart of the methodology is depicted in Figure 2.21.
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Literature survey
A comprehensive review of the pile type of breakwaters is carried out based on the
available knowledge to understand the effectiveness and the current state of knowledge

of pile breakwaters in wave attenuation.

Problem identification

The literature survey indicated a knowledge gap whereby minimal studies have been
carried out by varying the cross-sectional area of the piles near the water surface. In
this context, the present study aims to bridge the existing knowledge gap that is
achieved through experimental and numerical investigations by proposing innovative

conical pile head breakwater.

Physical modelling

The main objectives of the present study are to investigate the hydraulic performance
of the CPHB structure with and without perforations. Froude scaling is adopted, which
allows for the correct facsimile of gravitational and fluid inertial forces. A maximum
possible model scale of 1:30 is employed to describe the model dimensions and the
wave climate. The proposed model is subjected to monochromatic waves of various
wave heights and periods generated at different depths of water. The influence of the

proposed perforated and non-perforated CPHB model on K, Kr and Kj is studied.

Numerical modelling
The selected cases of non-perforated and perforated CPHB models are numerically
investigated using an open-source CFD tool REEF3D. The results obtained using

numerical modelling are validated with the experimental data.

Analysis of results
The data obtained from the study are analysed to determine K, K; and Kqg of the
proposed pile head breakwater. The significant factors influencing wave attenuation are

identified and the model results are analysed and explained.

Conclusions
Based on the results of both the physical and numerical investigation, the conical pile

head breakwater with the best performance is proposed.
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Figure 2.21 Flow chart of the methodology
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CHAPTER 3

MODELLING AND INVESTIGATION OF CONICAL PILE
HEAD BREAKWATER

3.1 PHYSICAL MODELLING

3.1.1 Background

In the present study, investigations on the proposed CPHB are carried out through the
traditional technique of laboratory experiments. The two-dimensional wave flume
available in the Wave Mechanics Laboratory at the Department of Water Resources and
Ocean Engineering, NITK Surathkal is used to conduct the physical modelling studies.
The experimental setup along with the equipment used for the investigation, are
explained in detail. The experimental procedure and data collection method are also

enumerated in the following sections.

3.1.2 Dimensional analysis

Dimensions and dimensional units are essential components of any physical property
measurement. Dimensional analysis is carried out using Buckingham’s n-theorem to
arrive at the dimensionless quantities which influence the hydraulic performance of
CPHB.

3.1.2.1 Predominant variables

Predominant variables considered for dimensional analysis in the present investigation
are listed in Table 3.1.

3.1.2.2 Details of the dimensional analysis

For deep water wave conditions, L and T are related by the equation,

g7

L, = 3.1
0= oo (3.1)
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Table 3.1 Predominant variables for dimensional analysis

Predominant variables Dimensions
Incident wave height (Hi) [L]
Transmitted wave height (Hr) [L]
Reflected wave height (H) [L]
Dissipated wave height (Hq) [L]
Wave Maximum wave height (Hmax) [L]
parameters
Water depth (h) [L]
Wave period (T) [T]
Wavelength (L) [L]
Wave celerity (C) or water particle velocity (u, v 1
[LT™]
and w)
Top diameter of conical pile head (D) [L]
Diameter of circular pile (d) [L]
Clear spacing between the CPHs in a row (b) [L]
Clear spacing between the rows of CPH (B) [L]
Structural Height of CPH (Y) [L]
parameters :
Total height of the CPHB (H) [L]
Distribution of perforations on the CPH surface [1]
(Pa)
Percentage of perforations (P) [1]
Size of perforations (S) [L]
Eluid Mass density (p) [ML]
parameters Dynamic viscosity () [MLIT]
External . . 2
effects Acceleration due to gravity (g) [LT]
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Where Lo is the deep water wavelength. The term gT? is incorporated in equation (3.1)
to represent the wave length instead of taking it directly. This is because, if L is used,
it would be depth specific, while gT? is independent of depth and represents the deep
water wave characteristics which can be easily transformed to shallow waters

depending on local bathymetry.

The wave transmission coefficient (Kt) is determined using,

Ky=—+ (3.2)

K, =— (3.3)

Where Hi is the incident wave height, Ht is the transmitted wave height and H is the
reflected wave height. The K; is calculated using the three probes method proposed by
Isaacson (1991). The wave energy dissipation coefficient (Kq) is obtained using the law

of energy conservation and is given by,

KZ+KZ +Kj5 =1 (3.4)

Ky = 1—(Kt2 +K$) (3.5)

Dimensional analysis is carried out using Buckingham’s n-theorem to arrive at the
dimensionless quantities which influence the hydraulic performance or performance
characteristics of CPHB and they are in line with other similar pile structures (Rao and
Rao 2001; Rao et al. 1999, 2002). The dimensionless quantities which influence the K,
Krand Kgq are,

H, H H H; VD
KtaKrin_f t _r,_d’ b ' Y ' : X E § D,N,Pa,P, §1p_
H,'H; ' H; "Hyy Hym g2 h'D'D'H D' 1

(3.6)
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Where,

D/Hmax is the relative pile head diameter
Y /Hmax is the relative pile head height
Hi/gT? is the incident wave steepness

% is the relative submergence of CPH denoted by Z

b/D is the relative clear spacing between the CPHs in a row
B/D is the relative clear spacing between the rows of CPHs
h/H is the relative depth of water

N is the number of CPHB rows.

Pa is the distribution of perforations around the pile head

P is the percentage of perforations, defined as the ratio of total area of perforations to
the corresponding CPH area on which the perforations are provided.

pVD/u is the Reynolds number (Re)

In this present work, the Reynolds number is not considered. The reason is that the
density and dynamic viscosity of water remains constant as the water quality is the same
and a change in the Reynolds number will be only due to a change in horizontal particle
velocity. As this does not represent the viscous effect, the term representing Reynolds

number is neglected.

3.1.3 Similitude criteria and model scale selection

In the present study, as the CPHB structure deals with surface waves, the modelling is
carried out on a 1:30 scale employing Froude's law. According to Froude's law, gravity
serves as the primary physical force counteracting the inertial force and the influence

of other physical forces is minimal. This may lead to scale effects when other forces,
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such as viscous forces are dominant in the problem. However, viscous scale effects are
expected to be minimal in this study as the CPHB was tested under non-breaking wave
conditions and the Reynolds numbers are always in the totally turbulent flow range
(Teh et al. 2012). The viscosity scale effects of the CPHB structure are evaluated by
calculating the Reynolds number as described by Sarpkaya (1976). Additionally, the
CPHB structure allows a portion of the waves to enter the hollow region of the pile
head and generates turbulence. Hence, the potential viscous scale effect may be at the
very minimum and not cognisable (Hughes 1993).

In dimensional analysis, the similitude between the model and prototype is achieved
with the help of non-dimensional parameters. These non-dimensional parameters are to
be in the same range for both the model and prototype. The similitude criteria in the
present study are achieved by considering wave steepness (Hi/gT?) as a non-
dimensional parameter. Using the two-dimensional wave flume available at the
Department of Water Resources and Ocean Engineering, monochromatic waves of
heights and periods ranging from 0.03 m to 0.24 m and 1 s to 3 s, respectively can be
produced. A 1:30 geometrically similar model scale is selected for the present
experimental investigations. The equivalent of 1:30 geometric model that is scaled up
to real field conditions. The wave parameters of the prototype and model are shown in
Table 3.2.

Table 3.2 Wave parameters of the prototype and model

Wave parameters | Hi (m) T(sec) Hi/gT?
Prototype 0.90to 7.20 | 5.4810 16.43 | 0.00034 to 0.02446
Model 0.03t00.24 | 1.0t03.0 0.00034 to 0.02446

3.1.4 Wave climate

The wave climate (wave height and period) chosen in the present study is in accordance
with the data obtained off the Mangaluru coast, West coast of India (KREC Study Team
1994). The data exhibited a wave height of less than 1.0 m during the fair-weather
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season and a maximum of 4.8 m in monsoon season, with an occasional height of 5.4
m. Predominant wave period is reported to vary between 8 and 11 s. For this coast, the
significant wave height reported is about 3.44 m with an average zero-crossing period
of 10.4 s. For design purposes, the KREC Study Team (1994) recommended
considering a wave height of 4.8 m. Therefore, the current study considers wave heights
between 1.8 and 4.8 m and wave periods between 8 and 11 s, with a maximum wave
height (Hmax) Oof 4.8 m. The tides at Mangaluru are mixed type with semi-diurnal
components dominating. The tidal variation with respect to mean sea level is

approximately + 1.68 m.

3.1.5 Experimental setup
3.1.5.1 Test facility

The experiments are carried out in a two-dimensional fixed bed wave flume (Figure
3.1) constructed in the Department of Water Resources and Ocean Engineering,
National Institute of Technology Karnataka, Surathkal, India. The flume has a length
of 50 m with a cross-section of 0.71 m x 1.1 m. A bottom hinged flap-type wavemaker
is installed at one end of the flume, capable of generating monochromatic waves. A
smooth concrete bed is provided at the bottom of the flume for a length of 42 m. Smooth
concrete lateral walls enclose the flume and a facility is made for photography and
observations by providing a glass panel of length 25 m on one side. The details of the
flume along with the test setup are showcased in Figure 3.2. A passive type wave
absorber (spending beach) is constructed at the opposite end to dampen the incident
wave energy. It is provided with a coarse gravel layer as the base, topped with irregular
shaped granite stones with approximate nominal diameter (Dnso) of 0.052 m. The beach
dissipates a large fraction of the wave energy by causing the incident waves to break,
uprush and percolate through beach material and discourage reflection. The beach slope
employed in the present study (1:12) is gentle than that of the recommendations by
various investigators (1:10 by Hughes 1993 and 1:4 by Straub et al. 1957) and the length
of the wave absorber is about three times greater than recommended (0.75L by Lean
1967) for archiving minimal reflection (less than 10%). Hence, wave reflection from
the spending beach is incognisable in the present study.
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Figure 3.1 Side view of the two-dimensional wave flume

An induction motor of 11 kW capacity can control the flap movement (Figure 3.3b).
An inverter drive can regulate the motor with a frequency range of 0-50 Hz (Figure
3.3a). The flap is connected to the motor with the help of a flywheel using a bar chain
mechanism (Figure 3.3d). By changing the eccentricity of the bar chain, the desired
wave height can be generated. The period of the waves can be altered by varying the

frequency through an inverter.

Before conducting the model studies, a particular combination of eccentricity and the
generator frequency is determined to get the intended wave characteristics for all the
set of waves in the required water depths considered in the study and the models are
tested for only non-breaking waves. Depending upon the wavelength of generated
waves, about 14 to 25 waves can be generated before the reflected waves between the
model and wave maker cause re-reflection. However, a short burst of waves may be
generated to act on the model. As a result, the problem of reflection and re-reflection is
avoided. The waves are generated in a burst of eight to ten waves and the wave
generator is switched off to avoid the reflection and re-reflection from the generator
and the wave paddle. A sufficient interval is provided before generating the next wave
burst to achieve tranquillity by dampening out all the reflected wave energy. The wave
flume is calibrated before conducting the model tests to find out the generator stroke
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Figure 3.2 Details of the experimental setup

Figure 3.3 Wave generation system a) inverter drive, b) motor, c) wave filter and

d) bottom hinged flap type wave paddle

and frequency of the inverter for generating the waves with the required combination

of wave height and wave period.

3.1.5.2 Data acquisition system and analysis

The free surface elevation data is recorded using the capacitance type probes and data
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acquisition system (Figure 3.4) manufactured by EMCON, Cochin, India. The surface
tension errors are eliminated by applying a thin layer of Silica gel on the probe surface.

Calibration of the wave probes is undertaken daily before and after conducting the

experiments and the noted voltage variation is reliable (standard deviation < 2%) as per
Neelamani and Vedagiri (2001).

Figure 3.4 Data acquisition system

A total of four wave probes are used for logging the wave data, as displayed in Figure
3.5. Three probes are located on the seaside of the structure as per the recommendations
by Isaacson (1991). The position of the probes is altered with respect to the wavelength
of each wave generated. The composite wave data recorded in three probes are
separated into incident and reflected wave components (Hi and Hy) by employing the
three probes method proposed by Isaacson (1991) The transmitted wave height (Hy) is
measured using the fourth probe placed on the lee side of the CPHB structure. Using
this data, the transmitted wave height (H:) is calculated as the difference of surface
elevations between the lowest and highest levels, resulting in maximum Hs. Further, the
Kt is calculated by employing this maximum H:. Therefore, the K reported in the

present study is conservative. The K, K and Kq are calculated by employing the
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equations 3.2, 3.3 and 3.5, respectively. Each case is repeated thrice and the average

values of the coefficients computed are recorded as the test data.

PEE L3

CPHB
model

o Wave probes

Figure 3.5 Physical modelling setup with capacitance type wave probes

3.1.6 Calibration of test facilities
To ensure the accuracy in the data collection, calibration of the experimental setup and
instruments is undertaken frequently. The method of calibration of each component is

given below.
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3.1.6.1 Wave flume

Calibration of wave flume involves finding the crank's eccentricity, which controls the
flap's movement to produce desired wave height and fix the inverter's frequency for
creating the selected wave period. Eccentricity and wave height has a direct
proportional relationship, while frequency and wave period have an inverse
relationship. Desired wave period can be generated by changing of frequency through
the inverter drive. By changing the eccentricity of a bar chain on the flywheel, wave

height for a particular wave period is produced.

3.1.6.2 Wave probes

The wave probes work on the principle of electrical conductance. The primary output
is in the form of voltage which varies between 0 V and 5 V. The embedded software in
the wave recording system converts it to water level variations. The manufacturer
initially calibrated the probes; however, the output is expected to show minor variations
depending on the salinity and temperature of water used in the flume. Hence, the probes
are subjected to static immersion tests and the relationship between the water level and
the output voltage is determined and recorded. The probes are calibrated by lowering
and raising the probe in a known depth of immersion and recording the variations in
corresponding voltages. The calibration of the wave probes is undertaken daily before
and at the end of experiments to find out wave height and the obtained differences are
incorporated in the recorded readings.

3.1.7 Conical pile head breakwater (CPHB) model details

The physical model studies of CPHB under monochromatic waves are conducted in a
two-dimensional wave flume. A schematic view of two rows of staggered hollow
conical pile head breakwater is shown in Figure 3.6. Considering the existing facilities
of the two-dimensional wave flume at NITK Surathkal, the CPHB and the wave
parameters are modelled with the largest possible scale of 1:30, which is within the
limit (1:10 to 1:50) suggested for the short-wave hydrodynamic models by Hughes
(1993). Hence, the potential scale effects may be at the very minimum and not

cognisable such that they may not have a noticeable effect on the results. The CPHB
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Figure 3.6 Schematic view of two rows of staggered hollow conical pile head

breakwater

basically consists of two parts, namely, pile trunk and conical pile head (CPH). The

CPH is connected to the pile trunk by means of bolted connections.

3.1.7.1 Pile trunk

The supporting circular piles are fabricated using hollow galvanised iron (GI) pipes
with a wall thickness of 0.002 m. For the bolted connection between the CPH and the
pile, a0.005 m thick iron plate with centre threading is installed inside the upper section
of the GI pipe. The Gl pipe is fixed to the iron plate of 0.01 m thickness with the help
of an iron collar, having 0.0015 m thickness and 0.04 m internal diameter. The collar is

welded to the iron plate firmly and the horizontal connection between the collar and
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plate is confirmed with the help of spirit level. Threading is provided inside the collar
and the bottom of the GI pipe to strengthen the connection. The iron plate offers firm
support to the CPHB structure at the base during the experimentation (Figure 3.7) and
this whole arrangement makes the structure rigid.

3.1.7.2 Non-perforated conical pile head

The hollow conical pile head (CPH) is fabricated using solid wood with a 0.01 m thick
sidewall and 0.015 m thick base. A perforation of 0.015 m diameter is provided at the
CPH base and the CPH is connected to the circular pile by means of bolted connections.

The typical arrangement of different configurations of CPHB considered in the present

investigation is depicted in Figure 3.7.

Conical

0.064m 0.080m 0.096m 0.064 m
: 7 /;;lc head

3mm plate
L~

GI pipe
/_pP

MS collar
L —

Base plate

Figure 3.7 Non-perforated conical pile head breakwater test models

3.1.7.3 Perforated conical pile head

Extensive study has been carried out by varying the distribution of perforations (Pa),
percentage of perforations (P) and size of perforations (S) to determine the influence of
perforations on the performance of the proposed structure. As demonstrated in Figure
3.84a, the perforated CPH is 3D printed using Polylactic acid (PLA) material with an
accuracy of 0.01 mm. The thickness of the CPH is 0.003 m.

It should be noted that the colour of the CPHs demonstrated in Figure 3.8b is only
representative and no colour coding is adopted in the present study.
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Figure 3.8 Illustration of a) 3D printing of perforated CPH, b) variation of S/D

under constant Pa and P, ¢) experimental setup of the perforated CPHB
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Figure 3.9 Typical tabulation of the distribution of perforations (Pa) on the CPH
surface area

The colour of the CPH model is chosen based on the material available at the time of
3D printing. The calculation of the distribution of perforations (Pa) on the surface of
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CPH is illustrated in Figure 3.9. The percentage of perforations is defined as the ratio
of the total area of perforations to the corresponding CPH area on which the

perforations are provided.

3.1.8 Range of experimental variables
The ranges for experimental variables are to be determined at the earlier stage of any
experimental studies on the breakwater. The parameters related to the wave conditions

and structure are portrayed in Table 3.3.

3.1.9 Test conditions

To design economical and safe structures, model test conditions must be designed and
operated judiciously. In the present study, the waves are generated in a burst of eight to
ten waves and the wave generator is switched off to avoid the reflection and re-
reflection from the generator and the wave paddle. A sufficient interval is provided
before generating the next wave burst to achieve tranquillity by dampening out all the
reflected wave energy. The current experimental studies are carried out under the

following assumptions.

1. The sea bed is rigid and the sediment movement does not interfere with the
performance of the CPHB.

The waves are periodic and monochromatic.

Secondary waves generated during the test are not considered.

The density difference between freshwater and seawater is insignificant.
Frictional effects from the bottom and sidewalls are not accounted.

The CPHB structure is rigid.

© o~ w N
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Table 3.3 Governing experimental variables of CPHB structure

Governing variables Expression | Test range
Maximum wave height (m) Hmax 0.16
Top diameter of CPH (m) D 0.064, 0.080, 0.096
Diameter of supporting pile (m) | d 0.04
Height of conical pile head (m) | Y 0.16, 0.24
Height of supporting pile (m) Ye 0.32,0.28
Height of the CPHB structure
H 0.48, 0.52
(m)
Size of perforations (m) S 0.0096, 0.0128, 0.016, 0.0192
Depth of water (m) 0.35, 0.40, 0.45
Wave period (s) T 1.4,16,18,20
Incident wave height (m) Hi 0.06, 0.08, 0.10, 0.12, 0.14, 0.16
Angle of wave attack (degrees) |6 90
Non-dimensional parameters
Relative pile head diameter D/Hmax 0.4,05,0.6
Relative pile head height Y/Hmax 1.0,15
Relative clezlir spacing between b/D 0.2 01
the CPHSs in a row
Relative depth of water h/H 0.729, 0.833, 0.937
0.673, 0.769, 0.865
Relative clear spacing between B/D 00.0.2 04.0.8
the rows of CPHs T
Incident wave steepness HilgT? 0.00152 to 0.00620
Percentage surface area of Pa 25 50 75. 100
perforated pile head R
Relative diameter of perforations | S/D 0.15, 0.20, 0.25, 0.30
Percentage of perforations P 9.6, 14.4,19.2
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3.1.10 Wave attenuation mechanism

3.1.10.1 Pile breakwater

In general, when the waves interact with permeable structures such as pile breakwater,
a part of the wave energy gets transmitted towards the lee side of the structure with
partial reflection and energy dissipation. For pile breakwater, the wave energy
dissipation occurs due to wave-structure interaction associated with turbulence, eddy
formation and vortex shedding. Many studies indicated that in the absence of currents
under monochromatic waves, wave energy dissipation due to pile breakwater takes
place by means of the following mechanism (Hildebrandt and Sriram 2014; Kakuno
and Liu 1993; Liu et al. 2011; Park et al. 2000; Rao et al. 1999; Suh et al. 2006, 2011).

Flow separations
Inertia resistance
Contraction
Wave reflection

Turbulence

© o~ w DD -

Vortex shedding

When a wave interacts with the structure, the flow gets separated due to inertial
resistance. The separated flow gets contracted between the pile gaps with an intensified
velocity, which is responsible for vortex formation and eddy shedding in the main flow
direction. All these processes lead to wave energy dissipation because of turbulence. In
the theoretical analysis, all these energy losses are accommodated in the form of
blockage coefficient (C), contraction coefficient (C¢), linearised dissipation coefficients
(B) and head loss coefficient (f).

When the flow is turbulent, the inertia force is more dominant than the viscous forces,
resulting in vortex formation behind the pile structure (Davidson 2015). The typical
flow behaviour for a cylinder under different Reynolds numbers (Re) is presented in
Figure 3.10.
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During the wave-structure interaction, depending on the wave phase, the vortex
formation may take place on the lee side or the seaside of the pile structure. The typical
pattern of vortex formation and turbulence generation for circular piles under a
monochromatic wave is shown in Figure 3.11.

In the process of turbulent dissipation, the energy of larger eddies gets transferred into
smaller vortices by breaking, as illustrated in Figure 3.12. This process of breaking into
smaller vortices continues until the inertia forces dominate. On equalisation of the
inertial and viscous forces (i.e. Re = 1), this breaking process of eddies ceases, and the

remaining energy is absorbed by the viscosity of fluid (Davidson 2015).

_'//_\—o——
1. Re<l1 I ( )_._
\/—"-——

s
5. 5<R.<40 @

3. 100<Re<200 m
=S

4. Re=10*

5. Re<108

Figure 3.10 Typical flow behaviour for a cylinder under different Reynolds
numbers (Davidson 2015)
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Figure 3.11 Vortex formation during the wave crest propagating through pile
structure (Liu et al. 2011)
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Figure 3.12 Typical cascade of energy from larger eddies to smaller eddies
(Davidson 2015)
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Figure 3.13 Wave interaction with non-perforated CPHs at 0.40 m water depth
(h/H =0.769) for Y/Hmax = 1.0 and b/D = 0.1 for various D/Hmax

3.1.10.2 Conical pile head breakwater

To enhance the performance of the pile breakwater, many researchers (Koraim 2014;
Koraim et al. 2014; Laju et al. 2011; Liu and Li 2011; Mani 2009) investigated the
influence of blocking the waves at free surface where the wave energy is concentrated.
It is a well-known fact that the orbital motion of the water particles is maximum near
the free surface and reduces gradually with the depth, as shown in Figure 1.6. The idea
behind the CPHB is to dissipate the wave energy by interrupting the orbital motion of
the waves to the possible extent. With this logic, the concept of conical pile head
breakwater (CPHB) is formulated, where the cross-sectional area of pile is tapered as
the velocity reduces with the depth.

The wave attenuation in conventional pile breakwater takes place due to the combined
effects of flow separation, contraction, intense flow through gaps, vortex formation and
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b.t=1338s

d.t=13.86s

Figure 3.14 Demonstration of wave interaction with perforated CPHB (D/Hmax
=0.4, Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2% and S/D = 0.25) at different
time instances (t) for Hi=0.16 mand T = 1.8 sat h =0.40 m (h/H = 0.769)

eddy shedding and partially due to the wave reflection. In addition to the above-stated
mechanism, the increased area at the surface level provides a higher blockage area
against wave propagation. As the wave crest passes through the CPH structure, some
portion of the wave passes through the gaps and gets transmitted. Depending upon the
wave height, the remaining portion may overtop and transmit the wave energy on the
lee side and/or enter the hollow portion through the perforations (Figure 3.13 and Figure
3.14). In the case of non-perforated CPHB, this water, falls and pops up through the top
of the hollow pile head and loses energy. This water that pops out from the top and
perforations of CPHB may interact with the incoming wave, which may result in

increased reflection or energy dissipation, thus reducing wave transmission.
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Wave interaction with non-perforated CPHB for various D/Hmax is illustrated in Figure
3.13. For further clarity, a numerically simulated wave-structure interaction is depicted
in Figure 3.15. The plan-view of the particle path lines during the propagation of the
wave crest over the non-perforated pile head is presented in the figure, where the
formation of vortices is clearly noticed on the lee side of the structure.
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Figure 3.15 Plan-view of particle path lines during wave crest interaction (Hi =
0.16 m, T = 1.8 s and h = 0.40 m) with non-perforated CPHB (D/Hmax = 0.4, Y/Hmax
=15andb/D=0.1)att=9.10s
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3.1.11 Experimental procedure

The wave flume is cleaned and filled with ordinary tap water to the required depth.
Before conducting the experiments, wave flume is calibrated for the considered
combinations of wave heights and wave periods. Capacitance type wave probes are
installed to measure the water surface elevation. The probes are also calibrated every
time before and at the end of experiments and the obtained differences are incorporated
in the recorded readings. The experimental investigation is conducted initially on a
single row of non-perforated CPHB to arrive at the best performing model. The tests
are conducted on different combinations of b/D, D/Hmax and Y/Hmax. The total number
of test cases is narrowed down for two rows by omitting low performing configurations
of a single row. It is reported in the literature (Weele and Herbich 1972) that the
performance of the pile type of breakwater is better with the staggered arrangement
than the regular one when conducted in multiple rows. Therefore, for two rows, the

study is carried out only with the staggered arrangement of piles for different B/D ratios.

Further, an attempt is made to improve the performance of this best performing single
row of CPHB structure by incorporating perforations. To arrive at the best performing
model of perforated CPHB, the influence of perforation characteristics such as
distribution of perforations (Pa), percentage of perforation (P) and size of perforation
(S/D) are investigated. The list of governing variables considered in the present study
is listed in Table 3.3. The accuracy and reliability of the results are ensured by repeating
all the cases three times which is in accordance with the studies by Zhao and Ning
(2018).

3.1.12 Sources of errors and precautions exercised
The following sources are identified, which may cause errors in the experimental
investigation.

a. Liner dimension error: The model is constructed with an accuracy of linear

dimensions up to £1.0 mm, which may contribute to errors between 0.2% to 0.3%.
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b. Wave height measurement error: The least count of the wave probe is 0.01 mm and
this may contribute to a maximum error of 0.2% in the measurement of wave
height.

c. Error due to change in water level: Error occurs due to the improper desired water

level in the flume.

The following criteria were adopted to minimise the errors in the present study:

a. The model is constructed as per the standard procedure with the largest possible
model with a scale of 1:30.

b. Before conducting the model studies, a particular combination of eccentricity and
the generator's frequency is determined for all the sets of waves in the required
depths of water considered in the study.

c. During the model studies, the wave generator is turned off after generating a burst
of eight to ten waves to eliminate the reflection from the beach and wave paddle.
The next wave burst is generated only after dampening the wave energy
completely.

d. The depth of water in the flume is maintained precisely at the required level and is
continuously monitored. An average variation of 2 mm was found after a full day
of model testing. Any drop in the water level of more than 2 mm was immediately

corrected.
3.2 NUMERICAL MODELLING

3.2.1 REEF3D

In the present study, a well-known and widely used open-source CFD software
REEF3D (Bihs et al. 2016a) is used for simulating the complex wave-structure
interaction. The REEF3D is highly useful for investigating coastal problems such as
wave breaking (Aggarwal et al. 2019; Kamath et al. 2022), wave-structure interaction
(Bihs et al. 2017; Kamath et al. 2016), seabed scouring (Ahmad et al. 2019), coastal
structures (Sasikumar et al. 2020; Srineash et al. 2020) and structures used in
mariculture (Martin et al. 2020).

66



REEF3D uses the incompressible Reynolds-averaged Navier-Stokes (RANS) equations

together with the continuity equation to solve the fluid flow problem:

M _ 3.7
ox (3.7)
ou, ou, 0 ou;  ou;
—'+uj—':—1—p+i(v+vt)—'+—' + 0 (3.8)
ot 8XJ p@XI GXJ 8XJ 8Xi

Where uj is the averaged velocity over time t, p is the density of water, v is the kinematic
viscosity, vt is the eddy viscosity, p is the pressure and g is the acceleration due to
gravity. A Cartesian grid is used in the two- phase flow model for the high-order spatial
discretization schemes. A ghost cell immersed boundary method is employed in
REEF3D to incorporate the irregular and non-orthogonal solid boundary conditions.
The pressure terms in the RANS equation are solved by the projection method proposed
by Chorin (1968). BiCGStab algorithm (Van Der Vorst 1992) is applied to solve the
Poisson equation for pressure. The fifth-order weighted essentially non-oscillatory
(WENO) scheme developed by Jiang and Shu (1996) is employed to discretize the
convection terms of the RANS equation in the conservative finite-difference
framework. Time discretization is achieved through the third-order TVD Runge—Kutta
scheme (Shu and Osher 1988). According to Brackbill et al. (1992) continuum surface
force (CSF) model, the material characteristics of the two phases are calculated for the
numerical domain. REEF3D uses Courant-Friedrichs-Lewy (CFL) criterion, which
determines the optimal time steps to maintain numerical stability throughout the
simulation. MPI (Message Passing Interface) is used for parallel computation between
multiple cores to maximise the efficiency of the numerical model. The k- model
presented by Wilcox (1998) is applied for turbulence modelling in which k and @ denote
turbulent Kkinetic energy and specific turbulence dissipation rate, respectively. The
governing equations depicted in equations (3.7) and (3.8) are solved with the level set

method and k—o turbulence model in a finite difference framework.

The k and o are determined using the following equations.
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Where, Px denotes the rate of turbulent production and the values of the closure

coefficients are Oy =2,0, =2, 0 =5/9,B8, =9/100 and 3 = 3/40 (Bihs et al. 2016b).

To limit the overproduction of eddy viscosity outside the boundary layer, the eddy
viscosity is regulated by the eddy viscosity limiters presented by Wilcox (1998) as:

[k |2 Kk
v, = mln[c—0 : \/; |§J (3.11)

Where, | S| is mean rate of strain.

3.2.2 Free surface
The free surface between the air and water is differentiated based on the level set
method in accordance with Osher and Sethian (1988). The level set function is

reinitialised after each iteration as per the procedure stated by Peng et al. (1999) by

means of a partial differential equation. The level set function ( @ ) gives the shortest
distance from the interface between two fluid domains. The phases are distinguished

based on the sign of level set function as follows:

>0, if X isin phase 1
® (X, t) 1=0, if X is at the inter face (3.12)
<0, if X is in phase 2

3.2.3 Reconstruction of free surface

In the present study, the spectrum decomposition approach is used to reconstruct the
free surface elevation. The reconstruction of free surface elevation is based on the
coupling between Dirichlet inlet boundary conditions and input wave characteristics.

The Dirichlet inlet boundary condition specifies the wave profile at the inlet boundary,
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typically using a known wave theory or measured wave data. In the present study, an
additional wave gauge is employed in the wave flume to collect the wave data before
placing the structure. This measured data contains all the information regarding wave
parameters (wave height and wave period). In numerical modelling, this measured time-
domain data of experiments is used to reconstruct the waves using spectrum
decomposition technique. Appendix-1 presents the free surface reconstruction approach
by employing the Dirichlet inlet boundary condition. Aggarwal et al. (2018) used
theoretical and experimental data to evaluate the potential of REEF3D to generate
waves through spectral wave components. The study was conducted using irregular
waves against a few benchmark cases (wave breaking over the submerged bar, deep
water wave generation and wave structure interaction with monopile) and demonstrated

that the model could accurately generate free surface waves in this manner.

3.2.4 Numerical model setup

The numerical investigation of the performance characteristics of a CPHB is carried
out by simulating the structure in a numerical wave tank (NWT). The numerical setup
is similar to that used in the physical model study. The dimensions of the NWT are
smaller compared to that of the physical wave tank to reduce the computational domain.
The length of the NWT is 11 m, based on the minimum requirement to compute K; and
Kr as per Isaacson (1991). The width of the tank is truncated by half (0.71 m to 0.355
m) using the symmetric plane boundary condition applied on one side of the tank. The
other side of the tank has a no-slip wall boundary condition. Similar boundary
conditions are also applied at the bottom of the tank. The details of the boundary

conditions of NWT are presented in Figure 3.16.

The waves are generated at one end using the Dirichlet inlet boundary condition. The
active absorption method is adopted at the opposite end to absorb the transmitted waves,
requiring no additional tank length. For wave absorption, the velocity of the waves to
be absorbed or the reflected waves is prescribed at the end of the domain with the
opposite sign, so as to cancel out the reflected wave. AWA boundary condition

(Schaffer and Klopman 2000) is implemented as follows:
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Figure 3.16 Detailed view of the numerical wave tank

u(t)= %c;(t) (3.13) £(t)=n(t)-h (3.14)

Where, {(t) is the free surface elevation along the outlet boundary condition and h is

the depth of water.

At the top of the NWT, symmetric plane boundary condition is applied to represent the
tank being open to the atmosphere. The same scale of 1:30 as that of physical modelling
is adopted in NWT to define the structural and wave parameters. In REEF3D, the free
surface elevation is calculated using numerical wave gauges. The K; is calculated using
the three probes approach in order to ensure consistency between physical and
numerical modelling. The positioning of wave gauges is in accordance with the physical
modelling (X12 = L/3 and Xi3 = 2L/3), as illustrated in Figure 3.16. The transmitted
wave height is measured using WG4, which is positioned at a distance of L, as shown

in Figure 3.16.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 INVESTIGATION ON HYDRAULIC PERFORMANCE OF NON-
PERFORATED CPHB
The influence of non-dimensional parameters such as relative pile head diameter
(D/Hmax), relative clear spacing between the CPHs (b/D), relative pile head height
(Y/Hmax) and relative water depth (h/H) on the performance characteristics (K, Kr and
Kg) of non-perforated CPHB are analysed. The variation of K, K and Kq is plotted with
respect to wave steepness (Hi/gT?) by keeping the analysing parameter as a third
variable. The best fit lines are drawn for the discrete data to understand the behaviour
of the results. While plotting the trend lines, the logarithmic type is selected for all the
graphs as it is found to be fitting better than the other types. The R? values obtained for
different types of trend lines for a typical case of CPHB are illustrated in Appendix-II.

4.1.1 Influence of structural and wave parameters on a single row of CPHB
performance

4.1.1.1 Relative pile head diameter

The geometry of conical pile head breakwater has an important role in wave
attenuation, and this study investigated the effect of increased pile head area attributed
by varying the height and diameter in terms of maximum wave height (Hmax). To bring
out the influence of pile head diameter on the hydraulic performance of non-perforated
CPHB, the variation of K;, K; and Kg are plotted against Hi/gT? in Figure 4.1, Figure
4.2 and Figure 4.3, respectively. The experiments are carried out at different depths of
water by keeping D/Hmax as the third variable. In general, irrespective of all the
considered dimensionless parameters (h/H, b/D and Y/Hmax), the D/Hmax is found to be
directly proportional with K; and indirectly proportional with K; and Kq. Reducing the
D/Hmax from 0.6 to 0.4 resulted in the reduction of K¢ in the range of 2.3 to 10%. A

maximum reduction of 10% in K is observed at lower wave steepness (Hi/gT? =
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Figure 4.1 Influence of D/Hmax and b/D on K for different Y/Hmax and relative

water depths

0.00152) when D/Hmax is reduced from 0.6 to 0.4 for the case of b/D = 0.1, Y/Hmax =1
and h =0.40 m (h/H = 0.833).

When b/D = 0.1, Y/Hmax = 1.5 and h = 0.40 m (h/H = 0.769), reducing the D/Hmax from
0.6 to 0.4 resulted in 3 to 9% reduction in K¢ and 10 to 25% increase in Kq with almost
doubling of K. A minimum K; of 0.66 is obtained at higher wave steepness for the
structural configuration of D/Hmax = 0.4, Y/Hmax= 1.5 and b/D = 0.1 at 0.45 m water
depth (h/H = 0.865). The results suggest that the D/Hmax = 0.4 as the best performing
CPH configuration than the other considered cases (D/Hmax = 0.6 and 0.5).

The observed behaviour may be due to the effect of total obstruction area of the
structure against wave propagation. The pile heads with larger diameter have higher
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Figure 4.2 Influence of D/Hmax and b/D on K for different Y/Hmax and relative

water depths

projection area than the smaller diameter pile heads. However, to accommodate these
larger-sized pile heads on supporting piles under constant spacing (b/D), the total
number of conical pile heads needs to be reduced. This results in reduction of total
projection area. For Y/Hmax= 1.5 and b/D = 0.1 configuration, the CPHB with D/Hmax
= 0.4 case has about 15% higher projection area per unit width (per m) of the structure
than D/Hmax = 0.5. Similarly, D/Hmax = 0.4 has about 30% higher projection area than
D/Hmax = 0.6. Therefore, it can be stated that the pile head configuration with D/Hmax =
0.4 offers higher resistance against wave propagation than the other cases. This causes

higher wave attenuation with increased wave reflection and energy dissipation.
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Figure 4.3 Influence of D/Hmax and b/D on Kg for different Y/Hmax and relative
water depths

4.1.1.2 Relative clear spacing between the CPHs

One of the advantages of the proposed structure over conventional pile breakwater is
that the CPHB may be constructed at a larger spacing between the supporting piles,
which overcomes the construction difficulties. In addition, the b/D is a key factor in
deciding the number of pile head units. Hence, investigating the influence of relative
clear spacing between the CPHSs is important. The influence of b/D is analysed for only
the best performing configuration of relative pile head diameter (D/Hmax = 0.4) based
on the results discussed in the previous section (Section 4.1.1.1).

The variation of Ky, Kr and Kq are analysed by plotting the graphs with respect to wave

steepness for different Y/Hmax and relative water depths (Figure 4.1, Figure 4.2 and
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Figure 4.3). In general, decreasing the b/D from 0.2 to 0.1 resulted in increased wave
attenuation of the CPHB structure. When Y/Hmax = 1 and h = 0.35 m (h/H = 0.729),
reducing the b/D from 0.2 to 0.1 resulted in reduction of K; by 3.55% and 1.48% at
lower and higher wave steepness, respectively. Similarly, for the same case with Y/Hmax
= 1.5, 2.28% and 1.8% reduction in Kt is noticed. For Y/Hmax =1 and h = 0.40 m (h/H
=0.833), 2.09% reduction is observed at lower steepness and a maximum reduction of
7.84% is obtained at higher steepness. For all the other cases considered in the present
study, reduction in Ky is found to be less than 3%. Further, the K, and Kg are found to
be increasing with decreasing b/D. When D/Hmax = 0.4, Y/Hmax = 1 and h = 0.40 m,
reducing the b/D from 0.2 to 0.1 caused an increase of K, by about 11% and 32% at
lower and higher steepness, respectively. Similarly, for the same case, varying the b/D
from 0.2 to 0.1 increased the Kq by 3% and 9% at lower and higher steepness,

respectively.

As the b/D increases, the clear spacing between the pile heads increases whereas, the
number of pile head units decreases, and vice versa. Result of this, the CPHB with
larger spaced pile heads (b/D = 0.2) offers lesser obstruction to the incident waves than
the closely spaced pile heads (b/D = 0.1). With increasing spacing between pile heads,
the wave energy is easily transmitted towards the lee side of the structure with lower
wave reflection and energy dissipation. Whereas, for closely spaced pile heads, the
waves lose a large portion of their energy in the process of wave separation, contraction,
vortex shedding and wave breaking with higher reflection and energy dissipation.
Overall, as it can be visualised that the CPHB with b/D of 0.1 is found to be better in

wave attenuation than b/D of 0.2.

4.1.1.3 Relative pile head height

The study on the influence of Y/Hmax is beneficial as Y/Hmax plays a key role in deciding
the pile head height for the required performance, as demonstrated in Figure 4.4, Figure
4.5 and Figure 4.6. The impact of Y/Hmax 0n the attenuation capability of the CPHB is
investigated at different relative water depths by varying the Y/Hmax from 1.0 to 1.5
with a fixed b/D of 0.1. The influence of relative pile head height (Y/Hmax) on the

75



« ——D/H, _ =0.4and YH

max max

........... D/H. . =0.4 and Y/H

max max

°

1.0

a.b/D=0.1 and WH=0.673
°

0.9 0.9
> M

0.8 0.8

0.7 0.7

=10 a
=15 +~

-------- DH, ,, =05and YH_,=1.0

max max

----DH, ., =05and YH, =15

max max

1.0

b.b/D=0.1 and H=0.769

o

------ -D/H,__=06and YH =10

max max

D/H,,, =0.6and Y/H,, =15
1.0

¢.b/D=0.1 and h/H =0.865

0.6 . . . . :
0.001 0.002 0.003 0.004 0.005 0.006
H/gT?

0.6 . . . . :
0.001 0.002 0.003 0.004 0.005 0.006
H/gT?

0.6 . . ; . .
0.001 0.002 0.003 0.004 0.005 0.006
H/gT?

Figure 4.4 Influence of Y/Hmax on Kt for different D/Hmax and relative water

depths
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Figure 4.5 Influence of Y/Hmax on Kr for different D/Hmax and relative water
depths

hydraulic performance of CPHB is demonstrated by plotting K¢, K and Kq against wave

steepness in Figure 4.4, Figure 4.5 and Figure 4.6, respectively.

At 0.35 m water depth, increasing the Y/Hmax in the considered range does not have a
considerable influence on K; as the maximum reduction is within 3.5%. Whereas, for
D/Hmax = 0.6 at 0.40 m water depth, Y/Hmax = 1 is found to be better performing than
Y/Hmax = 1.5 with 6.24% lower K:. When D/Hmax = 0.4, increasing Y/Hmax showed a

significant improvement in K; at 0.45 m water depth, with a maximum reduction of
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Figure 4.6 Influence of Y/Hmax on Kq for different D/Hmax and relative water
depths

13.01% for steep waves. Overall, when the Y/Hmax is increased from 1 to 1.5, the
improvement in wave attenuation is negligible at 0.35 m water depth, but significant at
0.45 m. However, an opposite behaviour is observed at 0.40 m depth of water. At 0.35
and 0.45 m depths of water, no significant variation in K; and Kq is observed when
Y /Hmax is varied from 1 to 1.5 under a constant D/Hmax 0f 0.4. Whereas, at 0.45 m water
depth, increasing the Y/Hmax resulted in increase of K, by about 1.5 times and the Kg is

found to be increased by an average of about 14%.

The wave attenuation in conventional pile breakwater is due to the combination of flow
separation, inertial resistance, contraction, turbulence, vortex shedding and wave
reflection. In addition to this, the proposed CPHB structure dissipates additional wave
energy through wave breaking. Also, the turbulence generated during the entry and exit
of water into the hollow pile head causes additional energy losses. At 0.35 m depth of
water, a larger portion of the pile head is emerged above the water surface for both
cases of pile heads (Y/Hmax = 1 and 1.5). Due to this, the waves fail to break and enter
the hollow pile head. When Y/Hmax = 1 is tested at 0.40 m water depth, the waves may
easily break and enter the hollow portion of the pile head and cause additional energy
losses. However, because the majority of the pile head is submerged at 0.45 m depth of

water, even the gentle waves easily transmit the wave energy to the lee side without
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noticeable interaction. Whereas, the CPHB with Y/Hmax = 1.5 performs better at 0.45
m depth of water as the emerged portion of the pile head contributes to additional
energy losses through breaking of waves, as discussed above. Considering the overall
performance, Y/Hmax = 1.5 is concluded as the better performing CPH than the other

verified cases.

4.1.1.4 Depth of water

In the prototype conditions, the depth of water may vary due to one or a combination
of tides, base erosion and storm surge. Therefore, the CPHB is tested at different water
depths in order to ascertain its performance. The different depths of water considered
in the present study are 0.35 m, 0.40 m and 0.45 m. For the analysis, only the best
performing relative clear spacing (b/D = 0.1) case is considered. Figure 4.7, Figure 4.8
and Figure 4.9 illustrate the influence of relative water depths on the K, K and Kq for

different configurations of CPHB structure.
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Figure 4.7 Influence of relative water depth on K: for different configurations of
CPHB atb/D =0.1

For Y/Hmax = 1, it is observed that irrespective of CPH diameter, the performance of
the structure improves when the water depth increases from 0.35 m to 0.40 m. At the
same time, when depth of water is further increased from 0.40 m to 0.45 m, the

transmission capability reduces. Whereas, for Y/Hmax = 1.5, improvement in K appears
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Figure 4.8 Influence of relative water depth on K for different configurations of
CPHB atb/D =0.1
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Figure 4.9 Influence of relative water depth on Ka for different configurations of
CPHB atb/D =0.1

significant (up to 11.58%) when the water depth is increased from 0.40 to 0.45 m. For
D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1 configurations, it is observed that changing
the water depth from 0.35 m to 0.40 m leads to increase in K by 9.62% (0.104 to 0.114)
for gentle waves and 9.18% (0.196 to 0.214) for steep waves. The identical trend is
observed when the water depth is again increased from 0.40 m to 0.45 m, with 33.33%
(0.114 to 0.152) for gentle waves and 5.14% (0.214 to 0.225) for steep waves.
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Based on these observations, it can be postulated that the Y/Hmax = 1 performs better at
0.40 m water depth (h/H = 0.833), and Y/Hmax = 1.5 at 0.45 m (h/H = 0.865) due to the
auxiliary energy losses by the phenomenon of wave overtopping and unique wave-
structure interaction. Considering the prototype conditions, the CPH with Y/Hmax= 1.5
is proposed as an efficient structure over Y/Hmax = 1.0 since the wave damping

performance is steady in all the examined water depths.

4.1.1.5 Wave steepness

The CPHB structure is subjected to different combinations of wave height and wave
period to understand the performance of the structure at different wave climates. The
wave steepness parameter (Hi/gT?) accounts for both the effects of wave height and
wave period. The wave attenuation capability of the CPHB is more pronounced for
steep incident waves than for gentle waves. It is noticed from Figure 4.1 to Figure 4.9
that as the Hi/gT? increases, the K decreases. Whereas, Kr and Kq follow the opposite
trend. For the case of Y/Hmax = 1.5, D/Hmax = 0.4, b/D = 0.1 and h = 0.40 m, the Kt
obtained for the steep wave (Hi/gT? = 0.0062) is about 18.5% lower than that of the
gentle wave (Hi/gT? = 0.0015). Similarly, the K; and Kq calculated at steep waves are
about 83% (0.12 to 0.22) and 30% higher than that of gentle waves.

The probable reason for the above behaviour is that the steep waves tend to be unstable
and the slightest provocation triggers wave breaking and loss of energy with minimal
obstruction against propagation, while the gentle waves are comparatively stable. Also,
when the conical pile head breakwater obstructs the steep waves against propagation,
some part of the wave plunge into the hollow pile head and causes turbulence. The
gentle wave propagates across the structure without noticeable confrontation. Similar
behaviour is also reported in the literature for pile breakwater (Rao et al. 1999, 2002;
Truitt and Herbich 1987; Weele and Herbich 1972) and suspended pipe breakwater
(Mani and Jayakumar, 1995; Rao and Rao, 1999).

Overall, the influence relative pile head diameter (D/Hmax), relative clear spacing
between the CPHSs (b/D), relative pile head height (Y/Hmax) and relative water depth
(h/H) on the hydraulic performance of non-perforated CPHB are comprehensibly
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investigated against varying wave climate. From the above discussion, it can be inferred
that the CPHB with the configuration of Y/Hmax = 1.5, D/Hmax = 0.4 and b/D = 0.1 is
the best performing model configuration among the considered cases in the present
study with the least K of 0.66 associated with a K of 0.22 and Kq of 0.72.

4.1.2 Two rows of CPHB

To further enhance the performance of the CPHB structure, an additional row of CPHB
is introduced in a staggered manner. The influence of clear spacing between the two
rows of pile heads (B/D) on the performance of CPHB is investigated through physical
modelling studies. The B/D considered in the present study are 0.0, 0.2, 0.4 and 0.8.
Only the best-performing configuration of CPHB (Y/Hmax = 1.5, D/Hmax = 0.4 and b/D
=0.1) selected in the previous section (Section 4.1.1) is taken into consideration for this
analysis. The laboratory investigations are conducted at 0.35 m (h/H = 0.673), 0.40 m
(h/H =0.769) and 0.45 m (h/H = 0.865) water depths against varying wave parameters.

The performance comparison of the single row and two rows of CPHB with various
B/D configurations is shown in Figure 4.10. The inclusion of the second row of CPHB
in staggered order is proved to increase the wave attenuation of the structure. Due to
the closer spacing of the pile head rows, the structure may perform similarly to a single
unit when B/D is 0.0 and 0.2, resulting in higher reflection and lower dissipation. Also,
the gap between the pile head rows may be insufficient to fully interfere in the wave
propagation as two independent structural components because the waves transmitted
through the first row of the structure encounter the second row immediately. As the
B/D is increased to 0.4, due to the mutual influence of two rows of pile heads, both
rows increasingly contribute to the energy losses through effective interaction.
Increasing the B/D to 0.8 is not very effective in further increasing the energy
dissipation and reducing the wave transmission, as waves are already attenuated by the

first row of pile heads.

It is observed from Figure 4.10 that as the B/D is increased from 0.0 to 0.4, the K¢ is
decreased by up to 7%. Further increasing the B/D from 0.4 to 0.8 resulted in increase
of K by up to 5.5%. Varying the B/D from 0.0 to 0.4 reduced the K; by about 20%.
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Figure 4.10 Comparison of performance of CPHB in single and two rows at b/D

= 0.1 and various B/D

Similarly, altering the B/D from 0.0 to 0.4 increased Kq by about 12.8%. The addition
of the second row of CPHB with D/Hmax = 0.4, Y/Hmax = 1.5 b/D = 0.1 and B/D = 0.4
configuration in staggered arrangement reduces the K: by a maximum of 12.34%

compared to a single row.
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From the above discussion, it can be concluded that B/D has a significant influence on

the performance characteristics of two rows of CPHB. The findings are similar to the
research results reported by Weele and Herbich (1972), Herbich and Douglas (1988),
Herbich (1990) and Rao et al. (1999) for the conventional pile breakwater. Overall, it

appears from the above analysis that the B/D of 0.4 is the optimum spacing between

two rows of pile heads for which the least K of 0.58 is obtained associated K and Kg

of 0.24 and 0.79, respectively.

4.1.3

Key findings

Based on the extensive experiments conducted on non-perforated CPHB, the following

observations are drawn.

1.

The hydraulic performance of the CPHB is significantly influenced by the
structural parameters of the CPH, such as height (Y/Hmax), diameter (D/Hmax),
and clear spacing of CPHs in a row (b/D) and rows of pile heads (B/D).

In general, the transmission coefficient (K:) decreases with an increase in wave
steepness (Hi/gT?) whereas, reflection (K;) and energy dissipation coefficients
(Kq) follow the opposite trend.

In a single row of CPHB, as the relative clear spacing between the conical pile
heads (b/D) decreases, the wave transmission of the structures reduces with
increased K and Kg.

Kt is directly proportional to the relative pile head diameter of the CPHB
(D/Hmax) and inversely proportional to reflection and energy dissipation
coefficients.

The wave attenuation capability of the non-perforated CPHB enhances with
increase in relative pile head height of the structure (Y/Hmax) with higher
reflection and energy dissipation.

The wave attenuation, wave reflection and energy dissipation of the CPHB are
more pronounced for steep waves than for gentle waves.

The structural configuration of D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1 is the
best performing model configuration for single row of CPHB with the least K
of 0.66 along with K, of 0.22 and K4 of 0.72.
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For two rows of CPHB with staggered arrangement, the B/D of 0.4 is the
optimum spacing, which provided a minimal K; of 0.58 with K; of 0.24 and Kgq
of 0.79.

. The addition of the second row of CPHB with D/Hmax = 0.4, Y/Hmax = 1.5, b/D

= 0.1 and B/D = 0.4 configuration in staggered arrangement reduces the K; by
a maximum of 12.34% compared to a single row. However, from the practical
point of view, providing whether single or double row structure to achieve an
extra 12.34% reduction in K; is a matter of judgement considering site
conditions. Therefore, efforts are made to introduce perforations on pile heads

and achieve improved performance.

84



4.2 INVESTIGATION ON HYDRAULIC PERFORMANCE OF
PERFORATED CPHB

4.2.1 Influence of perforation characteristics and wave parameters on hydraulic
performance of CPHB
4.2.1.1 Selection of pile head configuration

The influence of D/Hmax, Y/Hmax and b/D of the non-perforated CPHB is investigated
comprehensively in the previous section (Section 4.1) and the best performing
structural configuration is evolved (D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1).
Considering the conservative performance of non-perforated CPHB, a water depth of
0.40 m is selected, and the corresponding best performing pile head configuration is
further tested with perforations to explore the improvement in structure performance.
To arrive at the best performing model of perforated CPHB, the influence of perforation
characteristics such as distribution of perforations (Pa), percentage of perforation (P)
and size of perforation (S/D) are investigated. Initially, the study is conducted at 0.40
m depth of water to arrive at the best performing configuration of Pa, P and S/D. Once
after finalising the configuration, the depth of water is varied to determine the influence
of depth of water. All the results (K:, Kr and Kg) are analysed by plotting the data with
respect to the wave steepness (Hi/gT?). The best fit lines are drawn for the discrete data
to understand the behaviour of the results. To evaluate the uncertainty of present test
results, 95% confidence and prediction bands are plotted for the typical cases of CPHB.
The details of the same are presented for typical cases in Appendix-1Il. The details of

the perforations provided on the pile head are enumerated in the following sections.

4.2.1.2 Distribution of perforations

To bring out the influence of distribution of perforation on the surface of CPH, graphs
are plotted for various combinations of P and S by fixing Pa as the third parameter in
Figure 4.11. In general, providing the perforations on 50% of the surface area of CPH
is found to be optimum. Where, increasing or decreasing Pa from 50% resulted in the
higher K; values. A minimum K; of 0.61 is obtained at higher wave steepness (Hi/gT?
=0.0062) for the structural configuration of P = 19.2% and S/D = 0.25 with Pa = 50%.

85



0.9

0.84

0.7

0.61

0.5
0.

0.9+

0.8+

0.7

0.61

0.5
0.

0.9+

0.8+

0.74

0.6

0.5
0

0.94

0.8+

0.74

0.6+

0.5
0.

Figure 4.11 Influence of Pa on Kt for various P and S/D at h =0.40 m (h/H = 0.769)
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At lower wave steepness (Hi/gT? = 0.0015), the K; obtained for the Pa = 50% case
(Figure 4.11) is about 3.2%, 5.7% and 6.6% lower than that of Pa = 25%, 75% and
100%, respectively. For the same case, about 4.4%, 8.5% and 20.9% lower K; values

are noted at higher wave steepness.

The idea behind providing the perforation is to add an additional mechanism to diffuse
more energy and attenuate a larger amount of waves. During the interaction between
the wave crest and the CPH, a certain amount of water gets trapped inside the CPH.
The trapped water flows out through the perforations in the form of smaller jets and
further interacts with the incident waves causing additional turbulence. As illustrated
in Figure 3.14, the blockage area of CPH against the wave propagation decreases with
an increase in Pa. The amount of water entering the CPH is restricted due to the reduced
opening in the case of Pa = 25%. Even though this amount is higher for Pa = 75% or
100%, the water easily propagates towards the lee side of the structure through the
perforations without getting trapped. When the perforations are provided on 50% of the
surface area (Pa = 50%), comparatively more water flows into the CPH and gets
captured. This water escapes through the seaside perforations and distorts the orbital

motion of incident waves, resulting in higher turbulence and energy dissipation.

The reflection and dissipation characteristics of the perforated CPHB are plotted with
respect to the wave steepness (Hi/gT?). Figure 4.12 and Figure 4.13 illustrate the
variation of K and Ky at a depth of water of 0.40 m for the corresponding cases of K
discussed in Figure 4.11. In general, both the K, and Ky are found to be increasing with
the increasing wave steepness. A higher value of K of 0.30 is obtained for the
perforation configuration of Pa of 50%, P of 19.2% and S/D of 0.25, along with a
maximum Kqg of 0.75. The maximum variation observed in K is 26%, 42% and 80%
when Pa is varied from 25 to 50%, 50 to 75%, and 50 to 100%, respectively. In a similar
way, a maximum of 7%, 11% and 21% higher Kq is recorded for Pa = 50% in
comparison with 25%, 75% and 100%, respectively. When the perforation distribution
(Pa) is 75% or 100%, part of the outflowing water from CPH passes to the structure's

lee side, posing lower reflection and dissipation. Since the lee side of the CPH is
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blocked in the case of Pa = 25% and 50%, the water escapes through seaside
perforations. The escaping water disturbs the orbital motion of the upcoming incident
waves causing higher turbulence and energy dissipation. In this context, providing
perforations on 50% of CPH is optimum in terms of wave attenuation.

4.2.1.3 Percentage of perforations

While studying the effect of percentage of perforations on the performance of CPHB,
only the best performing Pa (i.e. 50%) is considered by eliminating the other cases of
Pa (25%, 75% and 100%). The variation of Ky, K; and K4 against the wave steepness
for different cases of S/D is presented in Figure 4.14, Figure 4.15 and Figure 4.16,

respectively.
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Figure 4.14. Influence of P on K: for different S/D when Pa = 50% and h=0.40 m
(h/H =0.769)
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In general, it is observed that irrespective of the size of perforations, increasing the
percentage of perforation resulted in the reduction of Ky, and increase of K and Kg.
When S/D = 0.25, the K; obtained for 19.2% is about 5.7% lesser than P = 9.6%, and
4.6% lesser than P = 14.4%. For the same case (S/D = 0.25), the K, calculated for P =
19.2% is 11.5 to 14.7% higher than P = 9.6%, and 3.7 to 16% higher than P = 14.4%.
Similarly, the Kq noted for P = 19.2% is 2.8 to 9.2% higher than P = 9.6%, and 1.8 to
7.4% higher than P = 14.4%.

Overall, a maximum reduction of 10.8% in Kt is achieved for P = 19.2% in comparison
with P =9.6%. As the percentage of perforation increases, the amount of water entering

the pile head also increases. The observed behaviour may be due to higher turbulence
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Figure 4.16 Influence of P on Kq for different S/D when Pa = 50% and h=0.40 m
(h/H =0.769)

caused by the larger movement amount of water into CPH when P = 19.2% than the
other cases (P = 9.6% and 14.4%).

In the perforated CPHB structure, water enters the hollow part of the pile head through
both the perforations and top. This phenomenon induces turbulence, which contributes
to additional energy losses. The number of perforations on the CPH surface increases
with the increasing percentage of perforations (P) under constant Pa and S/D. As the
percentage of perforation increases, the amount of water entering the CPH through
perforations also increases. This results in higher turbulence and energy losses leading
to enhanced wave attenuation. Therefore, it can be concluded that among the considered

cases of percentage of perforations, P = 19.2% is more efficient in wave attenuation.
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4.2.1.4 Size of perforations

The attenuation characteristics of the perforated CPHB are evaluated under four
different sizes of perforations and the same is exhibited in Figure 4.17a. The different
sizes of perforations studied are 0.0096 m, 0.0128 m, 0.016 m and 0.0192 m, which
correspond to S/D ratios of 0.15, 0.20, 0.25 and 0.30, respectively. While analysing the
effect of S/D, only the optimum cases of Pa and P (50% and 19.2%) are considered.
Referring to Figure 4.17a, it is noted that irrespective of the size of perforations, the K
values converge at lower wave steepness with a maximum variation of 2.5%. At higher
wave steepness, the least K; of 0.61 is noticed for the optimum relative pore size of
0.25. The K; obtained for S/D = 0.25 is about 6.2%, 1.8% and 1.9% less than that of
S/D =0.15, 0.20 and 0.30, respectively. The K; calculated for S/D = 0.25 is about 16%,
18.9% and 10.4% higher than S/D = 0.15, 0.20 and 0.30, respectively. For the same
case (S/D = 0.25), the Kgq is 3.6%, 0.3% and 0.6% higher than 0.15, 0.20 and 0.30,
respectively. Hence, it can be stated that the perforations provided using an S/D of 0.25
are optimum compared to the other cases studied (S/D = 0.15, 0.20 and 0.30).
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Figure 4.17 Influence of S/D on the performance of CPHB when Pa = 50%, P =
19.2% and h=0.40 m (h/H = 0.769)

Perforations with a certain percentage of perforation can be configured on CPH, either
using larger pores with a smaller number or vice versa. In the case of the smaller size

of pores, the total quantity of water entering the CPH may be limited since the water
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needs to get contracted and enter the CPH under high pressure. During the water
discharge from CPH, the smaller perforations may take a longer duration with small-
sized water jets. At the same time, larger perforations empty the CPH immediately after
crossing of wave crest without any cognisable jet formations. The optimum size of
perforation is the one that can balance both the entry and exit mechanism of water with
the optimal rate to make the structure efficient. The perforations provided with the
relative size (S/D) of 0.25 may be the optimum diameter because of which lower values
of Kt with higher Kq are achieved. Overall, Pa = 50%, P = 19.2% with S/D = 0.25 can
be inferred as the best performing configuration of CPH perforation, which resulted in
a minimal K; of 0.61 at higher wave steepness when the depth of water is 0.40 m (h/H
=0.769).

4.2.1.5 Depth of water

Examining the coastal protection structures at different water depths is essential
because the structure may encounter different depths of water in actual sea conditions,
which may arise due to base erosion, tide, and storm surge. In the present study, the
best performing configuration of the perforated CPHB arrived in the previous section
(section 4.2.1.4) is further investigated at 0.35 m (h/H = 0.673) and 0.45 m (h/H =
0.865) and the results are illustrated in Figure 4.18. Concerning Figure 4.18a, it is
identifiable that reducing the depth of water by 0.05 m (0.40 m to 0.35 m) leads to an
increase of K; by about 6.2% at the gentle side and 9.6% at the steep side of the wave.
However, increasing the depth of the water by 0.05 m (0.40 m to 0.45 m) enhanced the
wave attenuation capability by 4.6% at higher wave steepness. Similarly, reducing the
depth of water from 0.40 m to 0.35 m resulted in an average reduction of 3% in K, and
7% reduction in Kq values. Further, increasing the depth of water from 0.40 m to 0.45

m resulted in an average reduction of 14.5% in K and 13.6% increase in Kai.

In the present work, wave attenuation occurs due to the combined resistance offered by
the pile head and supporting circular pile. The maximum interaction between CPHB
and the wave takes place when the wave crest propagates against the pile structure. The

interaction of the pile head with waves is relatively higher and significant when
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Figure 4.18 Influence of depth of water on the performance of CPHB when Pa
=50%, P =19.2% and S/D = 0.25

compared to the supporting pile of the structure and also increases with the depth of
water. The remaining portion of the pile structure interacts with the balanced portion of
the wave phenomenon. Also, as the depth of water increases, the resistance offered by
the CPH against wave propagation increases due to the conical shape offering increased
areas of obstruction, bringing more and more perforations on CPH into action. In this

context, the following scenarios in the wave structure interaction are explained.

For a minimum water depth of 0.35 m, a maximum of 41.6 to 65% of the pile head
interacts with the wave for varying wave climates. Whereas, for a maximum water
depth of 0.45 m, a maximum of 83.3 to 100% of the pile head interacts with the wave
under varying wave climates. Further, when h = 0.35 m, about 70.8% of the CPH
emerges with respect to the reference depth, which reduces to 50% at 0.40 m and 29.2%
at 0.45 m. One of the unique wave attenuation features of the CPH is the plunging of
larger waves inside the hollow CPH. Wherein at 0.35 m depth of water, the plunging
mechanism does not occur even for larger waves due to the higher emergence of CPH.
At 0.45 m, even the gentle waves plunge into the CPH, leading to higher wave
attenuation with improved energy dissipation. In brief, a minimum K; of 0.58 is
recorded at higher wave steepness for the perforated CPHB with the structural
configuration of D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1 and perforation
characteristics of Pa = 50%, P = 19.2% with S/D = 0.25 at a depth of water of 0.45 m.
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4.2.1.6 Wave steepness

At coastal sites, the structure may be subjected to incident waves of different wave
heights (Hi) and wave period (T). Therefore, studying the effect of wave steepness
(Hi/gT?) on the performance of the CPHB structure is beneficial in understanding the
attenuation behaviour. From Figure 4.11 to Figure 4.18, it can be identified that the
wave attenuation capability of the structure is more pronounced for the steep waves
than the gentle waves by about 11.2% to 24.5%. For the optimum configuration, the K
is reduced from 0.79 to 0.61 (22.8% reduction), where the smaller K; corresponds to
higher wave steepness and the larger K: corresponds to lower wave steepness. In
general, both the K; and Kq¢ are found to be increasing with the increasing wave
steepness. For the same configuration, the K; increased from 0.19 to 0.29 and Kq
increased from 0.58 to 0.75.

The wave steepness parameter (Hi/gT2) accounts for both wave height and wave period.
The wave steepness parameter attains higher values when the wave height is larger with
a shorter wavelength (smaller T) and vice versa. The probable reason for the
aforementioned behaviour of CPHB is that steep waves have a tendency to be unstable,
breaking at the smallest provocation and losing energy with minimal resistance to
propagation, whereas gentle waves are quite stable. Additionally, a portion of the wave
may plunge into the hollow conical pile head when it prevents steep waves from
propagating, creating turbulence. While the gentle waves propagate around the
structure without much noticeable resistance. The findings of the present study are in
line with the results reported in the literature for conventional pile breakwater (Rao et
al. 2002; Weele and Herbich 1972), suspended pipe breakwater (Mani and Jayakumar
1995) and pile breakwater with C-shaped suspended bars (Koraim et al. 2014).

Overall, the influence of perforation characteristics such as distribution of perforations
(Pa), percentage of perforation (P) and size of perforation (S/D) are investigated by
incorporating perforation on the surface of CPH through physical modelling studies.
The wave attenuation capability of perforated CPHB appears to be maximum when Pa
=50%, P =19.2%, and S/D = 0.25.
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4.2.2 Comparison of hydraulic performance between non-perforated and
perforated CPHB

The wave interaction between the non-perforated and the perforated CPHB with the
optimum configuration is demonstrated in Figure 4.19. Comparatively lower
transmitted waves can be observed for the perforated case than the non-perforated
CPHB. The water moving out of the CPH holes generates additional turbulence on the
seaside of the structure with higher reflection than the non-perforated CPHB. The same
can be noticed in Figure 4.19. In order to identify the influence of perforations on the
efficiency of the CPHB, the performance characteristics of the non-perforated and
perforated CPHB are compared in Figure 4.20. Only the optimum perforated
configuration (Pa = 50%, P = 19.2% and S/D = 0.25) is considered for the comparison
study.

a. Non-perforated CPHB b. Perforated CPHB

Figure 4.19 Wave interaction with the non-perforated and perforated CPHBs
(Pa=50%, P = 19.2 and S/D = 0.25) at 0.45 m depth of water

The enhancement in the attenuation capability of CPHB on introducing the perforations
is clearly appealing in Figure 4.19 and Figure 4.20. The improvement in wave
attenuation is less than 6% at lower wave steepness for all the considered depths of
water. Whereas, a maximum reduction of 12.4% in K; (0.662 to 0.58) is achieved at a
depth of water of 0.45 m. An upsurge in both K, and Kq is identified for the perforated
structure irrespective of the depth of water. Introducing the perforations has almost
doubled the K; at 0.40 m depth of water.
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Figure 4.20. Comparison of performance between the non-perforated and
perforated CPHBs

Also, a maximum increment of 13% in Ky is obtained at lower steepness when h = 0.45
m. The present study proved that providing the perforations on the surface of CPH is
advantageous in achieving higher wave attenuation. It is also evident from the

investigation that up to 12.4% reduction in K; could be achieved by incorporating the
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perforations on the surface of conical pile head. The obtained outcome is well matching
with the literature (Kondo and Toma 1972; Rao et al. 2002; Rao and Rao 1999, 2001)

where, 10% to 14% lesser K is reported through perforations.

4.2.3 Performance comparison of single row perforated CPHB with single and
two rows of non-perforated CPHBs

In order to evaluate the performance characteristics of single row perforated CPHB, its
performance is compared with those of single and two rows of non-perforated CPHBs
in Figure 4.21. Under identical structural configuration (D/Hmax = 0.4, Y/Hmax = 1.5 and
b/D = 0.1) and relative depth of water (h/H = 0.865), the performance of optimum
configured perforated CPHB (Pa = 50%, P = 19.2% and S/D = 0.25) is compared with
best performing non-perforated single and two rows (B/D = 0.4) of CPHB. For single
row non-perforated CPHB, the K, K and Kq range between 0.66 to 0.82, 0.15 to 0.22
and 0.54 to 0.72, respectively. Introducing the second row of non-perforated CPHB
with staggered arrangement resulted in lower K¢ (0.58 to 0.77) with increased K; (0.16
to 0.24) and Kq (0.64 to 0.79). However, depending on site conditions, there may be
difficulties in driving/constructing two rows of closely spaced piles. To ward off such
possibilities, perforations are introduced on the pile head surface, which resulted in
reduced K (0.58 to 0.78) with higher K; (0.17 to 0.265) and K (0.62 to 0.78).

= —— Single row: Non-perforated ¢ e Single row: Perforated & oo Two rows: Non-perforated

0.3

0.1
0.5+

0.5 : . : : . 0.0 . : : . : 0.4 . . ; ; ;
0.001 0.002 0.003 0.004 0.005 0.006  0.001 0.002 0.003 0.004 0.005 0.006  0.001 0.002 0.003 0.004 0.005 0.006
Hy/gT? Hy/gT? Hy/gT?

Figure 4.21 Performance comparison of single row perforated CPHB with single

and two rows of non-perforated CPHBs
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It is evident from the study that the performance of single row perforated CPHB and
two rows of non-perforated CPHB are comparable. Therefore, it can be stated that
introducing perforations with optimal configurations on a single row CPH surface is as
efficient as introducing a second row of non-perforated piles.

4.2.4 Key findings
The following observations are recorded based on the physical model investigations

carried out on the perforated CPHB.

1. The distribution of perforation (Pa) on CPH, percentage perforation (P) and the
size of perforation (S/D) play a significant role in influencing the hydraulic
performance of the perforated CPH.

2. Providing the perforations on 50% of the surface area of CPH (Pa = 50%) is
found to be optimum; any other value of Pa resulted in reduced wave
attenuation.

3. For all the considered combinations of Pa and S/D, increasing the percentage of
perforations resulted in the reduction of Ky, and increase of K and Kai.

4. Perforations provided using an S/D of 0.25 are optimum.

5. The wave attenuation capability of the structure is more pronounced for the
steep waves than the gentle waves by about 11.2 to 24.5%.

6. The wave attenuation capability of the proposed perforated single row CPHB
structure is maximum when the Pa = 50%, P = 19.2% and S/D = 0.25.

7. A minimum K; of 0.58 associated with a maximum K; of 0.265 and Kq of 0.78
is realised for the above CPHB at a depth of water of 0.45 m.

8. The optimum configuration of perforated single row CPHB exhibits increased
Kt by up to 12.4% when compared with non-perforated structure.

9. Introducing perforations with optimal configurations (i.e. Pa = 50%, P = 19.2%
and S/D = 0.25) on a single row CPH surface is as efficient as introducing a

second row of non-perforated piles.

100



4.3 NUMERICAL MODELLING OF CPHB

In the present study, only selected configurations of non-perforated and perforated
CPHB are simulated using an open-source software REEF3D. The numerical results
are validated by comparison with experimental data obtained. Before carrying out
simulations of CPHB, the quality of the generated waves is examined under different
grid sizes and CFL numbers to determine their optimal values for the present study. The
range of grid sizes and CFL numbers employed are in accordance with Bihs et al.
(2016a).

4.3.1 Validation of wave generation

The validation of the reconstructed wave is carried out in a two-dimensional (2D) NWT
without placing the structure at a water depth of 0.40 m (h/H = 0.769). Since the
reconstructed waves are unidirectional, the validation study is conducted ina 2D NWT.
The width of the 2D tank is kept as one cell size with symmetric boundary conditions
on both the side planes. The 2D tank is modelled with symmetric boundary conditions
on both side planes. No turbulence modelling is used for simulations in the numerical
wave tank without structures. To evaluate the accuracy of the free surface data, the
experimental and numerical profiles for different grid sizes and CFL numbers are
compared. Numerical simulations with finer grid sizes and smaller CFL numbers result

in more accurate results, although with higher computational time.

To maintain the consistency between physical and numerical modelling, the time series
data from the experiments are used to generate the same waves in NWT. The quality of
wave generation is verified for steep (Hi = 0.16 m, T = 1.8 s) and gentle (Hi = 0.06 m,
T = 2.0 s) wave heights for various grid sizes, as shown in Figure 4.22. For the grid size
optimisation, the uniform grid sizes dx= 0.08 m, 0.04 m, 0.02 m and 0.01 m are
considered while keeping the CFL number constant at 0.1. Table 4.1 presents the root-
mean-square error (RMSE) values obtained by comparing the experimental data with

the numerically reconstructed wave surface elevation.
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Figure 4.22 Influence of grid size (dx) and CFL number on the reconstruction of

monochromatic waves
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The grid size analysis clearly shows that lowering the grid size from 0.08 m to 0.04 m
resulted in a reduction in the RMSE values. The free surface elevation is found to agree
well with the measured data for a grid size of 0.02 m. Further reducing the grid size
from 0.02 to 0.01 m shows a negligible improvement with higher computational time.
It can be concluded from the grid refinement study that a grid size of 0.02 m is sufficient
for accurate wave generation with a maximum RMSE of 0.0053 m. Therefore, dx =
0.02 m is used for further investigating the influence of CFL number on wave
generation. The CFL numbers considered for the sensitivity study are 0.4, 0.2, 0.1 and

0.05, as shown in Figure 4.22 and the associated errors are listed in Table 4.1.

Table 4.1 Accuracy comparison between numerical and experimental wave profile

Grid size study CFL study

T(s) H (m) (with CFL =0.1) (with dx =0.02 m)

dx(m) |RMSE | cp No | RMSE

(m) (m)

0.08 0.0033 0.40 0.0025

0.04 0.0021 0.20 0.0025
2.0 0.06

0.02 0.0020 0.10 0.0023

0.01 0.0018 0.05 0.0023

0.08 0.0085 0.40 0.0068

0.04 0.0053 0.20 0.0063
1.8 0.16

0.02 0.0053 0.10 0.0055

0.01 0.0036 0.05 0.0045

Similar to the grid refinement study, a CFL number of 0.1 appears to be optimal, where
increasing the CFL number affects wave quality while decreasing the same resulted in
negligible improvement and increased computational time. From the above sensitivity
study on grid size and CFL number, it is clear that simulating the waves with a CFL
number of 0.1 with a grid size lesser than or equal to 0.02 m results in an accurate
reconstruction of free surface elevation. The computed RMSE values of the

reconstructed waves are reasonable with reference to Aggarwal et al. (2018).
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Further, it is essential to ensure that the quality of wave generation in 2D (11 m x 0.02
m x 0.8 m) and 3D (11 m x 0.355 m x 0.8 m) NWT is consistent. Hence, a simulation
isrunina 3D NWT for Hi=0.16 mand T = 1.8 s case by employing optimum grid size
and CFL number (dx = 0.02 m and CFL = 0.1). It is found that the free surface

elevations calculated in the 2D and the 3D NWT are in agreement.

While simulating the CPHB, a non-uniform grid distribution based on a Cartesian
system is adopted in the present work to reduce computational effort. In the x-direction,
a coarser grid size of 0.02 m is maintained at the generation and absorption zone. In the
numerical simulations, a grid with a size of 0.004 m is employed to accurately
characterise the CPHB structure. The grid sizes are varied gradually from 0.02 m to
0.004 by employing a sine-based stretching function (Figure 4.23). At the same time, a
uniform grid size of 0.004 m is adopted in both y and z-directions. Using these non-
uniform grids (Figure 4.23), a without-structure simulation is performed in 2D NWT to
assess the reliability of wave generation. The free surface elevations of the 2D uniform
grid and 2D non-uniform grid are seen to be in harmony. Therefore, it can be concluded
that the accuracy of wave generation is unaffected by the non-uniform grid distribution
adopted for the 3D NWT simulations.

dx =0.004m

Not to the scale ~

Figure 4.23 Typical representation of non-uniform grid in the numerical wave
tank

4.3.2 Hydraulic performance of CPHB
Initially, the numerical investigation is conducted for non-perforated CPHB under

monochromatic waves. The influence of pile head diameter on non-perforated CPHB
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is investigated using two different diameter pile heads (D/Hmax = 0.4 and 0.5) with
constant Y/Hmax of 1.5 and b/D of 0.1 at 0.40 m water depth (h/H = 0.769). The
perforations with the optimum size and arrangement (Pa = 50%, P = 19.2%, and S/D =
0.25) obtained through physical modelling in the previous section (Section 4.2) are used
for the perforated structure. The results of the non-perforated and perforated CPHBS
are validated with the experimental data and analysed to arrive at the best-performing
configuration of CPHBs. The study is carried out in various wave energy regions with
intermediate water depth conditions. The different combinations of wave heights and
periods considered for the simulation of monochromatic waves are listed in Table 4.2.
The cases are selected such that the wave steepnesses (Hi/gT?) are of the same range as

that in the experiments.

Table 4.2 Simulated cases of monochromatic waves

Cases T (Sec) Hi(m) | L(m) |Hi/gT? Wave theory
M1 1.4 0.12 2.39 0.00624 | Stokes 3" order
M2 1.6 0.14 2.84 0.00557 | Stokes 3 order
M3 1.8 0.16 3.27 0.00503 | Cnoidal

M4 1.8 0.10 3.27 0.00315 | Stokes 3" order
M5 2.0 0.16 3.70 0.00408 | Cnoidal

M6 2.0 0.10 3.70 0.00255 | Stokes 3" order
M7 2.0 0.08 3.70 0.00204 | Stokes 2" order
M8 2.0 0.06 3.70 0.00153 | Stokes 2" order

4.3.2.1 Validation of numerical results with experimental data

The Kt, Ky and Kg of two non-perforated pile heads (D/Hmax = 0.4 and 0.5) with Y/Hmax
=15and b/D =0.1ath=0.40 m (h/H = 0.769) are compared to experimental data in
Figure 4.24. Figure 4.25 presents the validation of numerical results with the
experimental data for the case of perforated CPHB with D/Hmax = 0.4, Y/Hmax = 1.5,
b/D =0.1, Pa=50%, P =19.2%, S/D = 0.25 and h = 0.40 m. Best fit lines are drawn to
gain a better understanding and interpretation of the results.
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Figure 4.24 Comparison of numerical and physical modelling results for various
D/Hmax of non-perforated CPHB with Y/Hmax = 1.5 and b/D = 0.1 at h = 0.40 m
(h/H =0.769)

The trend lines plotted for the numerical results of both non-perforated and perforated
CPHB match with those of the experimental results to a reasonable extent. In the case
of non-perforated CPHB, the numerical results are slightly under predicted for K (less
than 4%) and over predicted for K and Kq (less than 9%) for both the cases of D/Hmax.
For the perforated CPHB, the variation is slightly higher (up to 12%) compared to the
non-perforated structure. The RMSE values calculated by comparing the experimental
and numerical results are summarised in Table 4.3. The comparison of results shows
that the numerically determined performance characteristics of both non-perforated and

perforated CPHB are in relatively good agreement with the experimental data.

106



= —— Experimental e === Numerical

0.9-E 0.3 0.9-E
0.81 1 0.8+ .-
ol MHo.z- 0.71
0.6 0.6

0.5 0.1 0.5
0.001 0.002 0.003 0.004 0.005 0.006  0.001 0.002 0.003 0.004 0.005 0.006  0.001 0.002 0.003 0.004 0.005 0.006
H/gT? H/gT* H/gT*

Figure 4.25 Comparison of numerical and physical modelling results for
perforated CPHB

Table 4.3 Comparison of experimental and numerical results using RMSE

RMSE
CPHB D/Hmax
Kt Kr Kd
0.4 0.0313 0.0142 | 0.0242
Non-perforated
0.5 0.0355 0.0090 | 0.0476
Perforated 0.4 0.0480 0.0170 0.0422

4.3.2.2 Effect of relative pile head diameter
Simulations of two different diameters (D/Hmax = 0.4 and 0.5) of non-perforated CPHB

are performed to determine the influence of the pile head diameter and to arrive at the
best performing configuration. Figure 4.26 presents the simulated images of the wave
crest interaction with non-perforated CPHB for various D/Hmax at the same time step (t
= 9.10 s). Due to the larger number and smaller spacing of pile heads, the horizontal
velocity of waves (uy) is obstructed to a significant amount in the case of D/Hmax = 0.4
compared to that for D/Hmax= 0.5 (Figure 4.26). To overcome the obstruction, a
relatively considerable amount of waves may enter into the hollow portion of the pile
head for the D/Hmax = 0.4 case than for D/Hmax = 0.5. The water that enters the

perforated pile head flushes out and results in additional energy loss, as demonstrated

107



a. D/H,g = 0.4  o— | e— b. D/Hyppy =0.5

Figure 4.26 Simulated free surfaces with velocity magnitude (m/s) during the

wave-structure interaction for different D/Hmax of non-perforated CPHB

in Figure 4.26a. When D/Hmax = 0.5, a relatively higher quantity of waves are
transmitted between the pile heads with an intensified velocity, as seen in Figure 4.26b.
The CPHB with D/Hmax = 0.4 configuration has a higher number of piles and about
9.8% higher blockage area compared to D/Hmax = 0.5. The higher blockage area
increases the effectiveness in the obstruction of wave energy, leading to wave breaking

over the structure along with higher wave reflection.

The plan view of the particle path lines during the propagation of the wave crest over
the non-perforated CPHB is presented in Figure 4.27. When D/Hmax = 0.4, the
horizontal propagation of the incident wave at the free surface is obstructed by the
structure to a substantial extent. Whereas, for D/Hmax = 0.5, the wave easily propagates
through the larger gaps without a significant reduction in velocity. In addition, the
formation of vortices is clearly noticed on the lee side of the structure for D/Hmax = 0.4
(Figure 4.27a), which contributes to energy losses. When it comes to D/Hmax = 0.5, the
energy dissipation through vortex formation is reduced, possibly due to lower blockage

resulting from a long distance between the pile heads.
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Figure 4.27 Plan view of particle path lines during the interaction of the wave
crest with the non-perforated CPHB for different D/Hmax at t=9.10 s
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Figure 4.28 Performance comparison between different diameters of non-
perforated CPHB with Y/Hmax = 1.5

The wave attenuation characteristics determined by numerical modelling are compared
in Figure 4.28 to examine the influence of pile head diameter (D/Hmax). For a higher
wave steepness, D/Hmax = 0.4 exhibits about 8% lower K:, 18.2% higher K; and 6%
higher Kq compared to D/Hmax = 0.5. At lower wave steepness, it is noticed that the Kt
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and Kq are comparable. The lowest K of 0.64 is obtained for D/Hmax = 0.4 at a higher
wave steepness along with K, of 0.22 and Kq of 0.73.

4.3.2.3 Effect of perforations

The key factors responsible for wave attenuation in pile breakwater are inertial
resistance, contraction, vortex shedding and wave reflection. The idea behind providing
a higher obstruction area near the free surface is to distort the orbital motion of the
waves, which is maximum at the free surface. Figure 4.29 clearly demonstrates the
changes in horizontal component of the orbital velocity (ux) as the wave interacts with
the non-perforated CPHB at different time instances (t). The increased area of the piles
(CPHB) contributes to a comparatively higher obstruction than conventional pile
breakwaters, due to which the horizontal velocity of the waves is obstructed (Figure
4.29b). Due to the obstruction, a part of the wave may flow through the gaps between
the pile heads with an intensified velocity. Another part may flow over the pile head
and enter the hollow portion of CPH (Figure 4.29c). This results in turbulence and

energy dissipation along with partial reflection of waves, as presented in Figure 4.29c.

The gentle waves flow around the CPHB structure without entering the hollow part of
the CPH. Therefore, to increase the wave-structure interaction, perforations are
incorporated on the seaside surface of the CPH so that the waves, irrespective of their
steepness, enter the hollow portion of the pile head. Under wave trough incidence, the
water entered during crest incidence flows back through the perforations and confronts
the following incident wave crest, creating a disturbance on the seaside of the structure.
The best configuration of perforations (Pa = 50%, S/D = 0.25 and P =19.2%) obtained
through physical modelling in the previous section (Section 4.2) is used in the present
study. Figure 4.30 compares the changes in the horizontal velocity during the wave
trough interaction with the non-perforated and perforated CPHB. It is noticed (Figure
4.30a and b) that water that entered the CPHB flows out of perforations, causing
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Figure 4.29 Wave interaction with the non-perforated CPHB (D/Hmax = 0.4) at

different time instances (t)

comparatively higher reflection and increased turbulence on the seaside of the structure

compared to the non-perforated structure.

The performance characteristics of non-perforated and perforated CPHB are compared
in Figure 4.31 to determine the influence of the perforations. Introducing the
perforations on the CPH reduces K; by about 5% to 16.5%. The values of K; and Kgq
increased by about 27.25% and 10.28% on average, respectively. A minimum K; of
0.55 is calculated for the perforated CPHB at higher wave steepness, associated with a
Kr and Kq of 0.28 and 0.81, respectively. The observed performances of the non-
perforated and perforated CPHB are in agreement with the present experimental data.
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Figure 4.30 Simulated free surfaces of non-perforated and perforated CPHB cases

with velocity magnitude (m/s)
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Figure 4.31 Performance comparison between non-perforated and perforated
CPHB

The validation of the numerical results with the experimental data shows that the
REEF3D is reproducing reliable results with acceptable RMSE values. Overall, the
numerical model of the CPHB mimics the physical phenomenon of experimental
studies.
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4.3.3 Key findings

The numerical investigation of the performance characteristics of conical pile head
breakwaters is carried out using the open-source CFD tool REEF3D. The following are
the key findings drawn from the analysis of the results:

1. A sensitivity study on grid size and CFL number indicated that simulating the
waves with a CFL number of 0.1 with a grid size lesser than or equal to 0.02 m
results in an accurate reconstruction of free surface elevation.

2. In general, K; is found to be indirectly proportional to the wave steepness,
whereas K and Kq exhibit the opposite pattern.

3. For non-perforated CPHB, the numerical results are slightly under predicted for
Kt (less than 4%) and over predicted for K, and Kgq (less than 9%) for both the
cases of D/Hmax. For the perforated CPHB, the variation is slightly higher (up
to 12%) compared to the non-perforated structure.

4. The comparison between the experimental and numerical results indicates that
the numerically determined performance characteristics of both non-perforated
and perforated CPHB are in relatively good agreement with the experimental
data.

5. For a higher wave steepness, D/Hmax = 0.4 exhibits about 8% lower Ky, 18.2%
higher Kr and 6% higher Kq compared to D/Hmax = 0.5.

6. At lower wave steepness, it is noticed that the K; and Kq are comparable.

7. The lowest K; of 0.66 is obtained for non-perforated CPHB with D/Hmax = 0.4
at a higher wave steepness along with K; of 0.23 and Ky of 0.72.

8. Introducing perforations with the optimum configuration (Pa = 50%, S/D = 0.25
and P = 19.2%) on the CPHs enhanced the transmission capability of the CPHB
by about 5% to 16.5%. The values of K, and Kg increased by about 27.25% and
10.28% on average, respectively.

9. Validation of the numerical results with the experimental data shows that
REEF3D produces comparable results with acceptable RMSE values.
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44 EMPIRICAL EQUATIONS

4.4.1 Development of equations

Predicting the performance characteristics of CPHB quickly using empirical equations
would be handy from the engineering point of view. Therefore, a set of empirical
equations is derived for the K; and K; of CPHB (equations 4.1 and 4.2) using the data
fitting technique. The experimental data of the present study on non-perforated and
perforated CPHB are used to develop the empirical equations. 70% of the data are used
as training set and the remaining 30% is used to evaluate the model performance
(Nguyen et al. 2021). In this process, several equations are obtained and the best
equations are chosen based on the coefficient of determination (R?) and relative root
mean square error (RrmsE) values. The RrmsE is calculated by employing a similar
method followed by Rattanapitikon (2007) and Nam et al. (2017). These empirical
equations are applicable for both non-perforated and perforated CPHBSs. The equations
are expressed in terms of the structural (D/Hmax, Y/Hmax, Y/2h, b/D and B/D) and
perforation characteristics (Pa, P, and S/D) of CPHB along with wave parameters

(Hi/gT?). The developed equations for K and K; are given by,

K = oSkl _ Kip o
Where, Sx; = - 3 M - i 1076 mg + ml2 m, My

m - 157m;  mZm, 1076 m,m
K= Sk + Kip (4.2)
Where, Sy, = M, Mg

3
13 mymg + mymymg — m,mgmg — 3 /M3 Mg

Where, m]_ = D/Hmax, m2: Y/Hmax, m3: b/D, m4: N + B/D, m5: Y/Zh, m6:

Hi/lgT?, My =Pa in %, Mg=P in % and M,= S/D. N is the number of CPHB rows
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placed at a clear distance of B, which is assumed to be zero for a single row of CPHB
(i.e. N =1). Ky and Ky are the perforation factors of wave transmission and reflection

coefficients, respectively, which are given by,

=0 e For non—perforated CPHB
Ktp 3 2
mgm-m memMe, M- M
—mgmZ + =2 _ 50 7 8 _gm, .. For perforated CPHB
28 21
(4.3)

S0 e For non—perforated CPHB

mmd [T
—4mgmg+mimg———L e\ ") . For perforated CPHB

26412

(4.4)

4.4.2 Validation of equations

The experimental data of the present study on non-perforated and perforated CPHBs
are considered to validate the potential of the developed empirical equations. The
validation of empirical equation results with the experimental data is presented in
Figure 4.33 and Figure 4.32 for non-perforated and perforated CPHBS, respectively.
The R? and RrmsE values computed for the K; and K, of proposed empirical equations
are listed in Table 4.4. A reasonably good agreement is obtained between the predicted
values and experimental data for both non-perforated and perforated CPHBs. Hence, it
can be stated that the proposed empirical equations are reliable in predicting the K and

K of both non-perforated and perforated CPHBSs within the limits of test conditions.
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Figure 4.32 Validation of empirical predictions with the experimental data of

perforated CPHB
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Figure 4.33 Validation of empirical predictions with the experimental data of

non-perforated CPHB

Table 4.4 R? and RrmsE values for proposed empirical equations

Kt Kr
Structure
R? RrmsE (%) | R? RrmsE %)
Non-perforated CPHB | 0.92 2.56 0.91 10.55
Perforated CPHB 0.94 1.73 0.90 5.36
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4.4.3 Key findings
Based on the analysis of results, the following observations are documented on

empirical equations developed:

1. The Transmission coefficient (K;) of non-perforated and perforated CPHBs may be

predicted by,

K= e[SK‘}— Kip

2. The reflection coefficient (K;) of both non-perforated and perforated CPHBs may
be predicted by,
Kr= Sk + Kyp

3. R?0f 0.92 and RrmsE of 2.56% are obtained for the equation to predict K of non-
perforated CPHB. For the same structure, R? of 0.91 and RrmsE of 10.55% are
obtained for the equation to predict K.

4. For the perforated CPHB, R? of 0.94 and RrmsE of 1.73% are achieved for the
equation of K:. Similarly, an R? of 0.90 and RrmsE of 5.36% are achieved for the
equation of K.

5. A reasonably good agreement may be seen between the predicted values and
experimental data for both non-perforated and perforated CPHBs.

6. The proposed empirical equations are reliable in predicting the Kt and K; of both

non-perforated and perforated CPHB within the limits of test conditions.
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45 COMPARISON WITH OTHER STUDIES

4.5.1 Perforated hollow pile breakwater

A comparative study between the proposed structure and perforated hollow pile
breakwater is carried out in order to examine the effectiveness of the CPHB. Perforated
hollow pile breakwater consists of an array of perforated hollow cylindrical piles where
the piles have uniform diameters throughout the length. The wave attenuation
characteristics of perforated hollow pile breakwater are estimated based on the
theoretical approach as there are no data available in the literature corresponding to the
structural configuration and test limits of the present study. Therefore, the hybrid
equations developed by Suvarna et al. (2021) for perforated hollow pile breakwater are
adopted to extract the data. The summary of the development of hybrid equations is

discussed in detail in section 2.3 for a better understanding.

The comparative study quantifies the efficiency of the proposed CPHB structure over
perforated hollow pile breakwater by keeping the same number of piles in both cases.
For the comparative analysis, best performing perforated CPHB with a structural
configuration of D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1 (bo/D = 0.76), perforation of
Pa = 50%, P = 19.2% and S/D = 0.25, and h = 0.45 m is considered. The wave
attenuation parameters of the perforated hollow pile breakwater are estimated using
similar perforation characteristics of CPHB, i.e. Pa = 50%, P = 19.2% and S/D = 0.25.
The comparison of K¢, Kr and Kq between perforated CPHB and perforated hollow pile

breakwater is illustrated in Figure 4.34.

The range of K; values obtained for perforated hollow pile breakwater is between 0.96
and 0.89, whereas, for the perforated CPHB structure, the K ranges between 0.78 and
0.58. About 18.7% lesser K is noticed at lower wave steepness for CPHB than the
perforated hollow pile structure. Similarly, at higher wave steepness, about 35% lesser
Kt is obtained. The K, for perforated hollow pile breakwater ranges between 0.04 and
0.1 whereas, for the perforated CPHB, the K, observed is between 0.17 and 0.265. At
the same time, the Ky obtained for the perforated CPHB (0.62 to 0.79) is about double

the perforated hollow pile structure (0.29 to 0.43). The above analysis clearly proves
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Figure 4.34 Comparison between the perforated CPHB and perforated hollow

pile breakwater with the same number of pile units

that the perforated CPHB is superior in performance compared to the perforated hollow
pile breakwater.

4.5.2 Other pile structures

To prove the relevance of the present study, the performance characteristics of the
perforated CPHB are compared with those of other similar research works (Figure 4.35)
conducted on pile types of breakwaters. The results of optimum configured perforated
CPHB (D/Hmax = 0.4, Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2%, S/D = 0.25 and h
= 0.45 m) is compared with the perforated hollow pile breakwater (Rao and Rao 1999),
suspended perforated pipe breakwater (Rao and Rao 2001), rectangular pile breakwater
(Huang 2007) and zigzag porous screen breakwater (Mani 2009).

The behaviour of Kt, K; and Kq of perforated CPHB is matching well with the other
compared structures. From Figure 4.35, it is perceptible that a lower K and higher Kgq
are achieved than the compared pile structures. The K; of the perforated CPHB is higher
than the suspended perforated pipe breakwater, rectangular pile breakwater and zigzag

porous screen breakwater, and lesser than the perforated hollow pile breakwater.
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Table 4.5 Comparison of perforated CPHB performance with other pile structures

Structural details | Number Structure
Type of of pile performance
Reference _
breakwater p units
d (m) | bo/d (%) | perm Kt K, Ky
Ra0 and Perforated 0.66 | 0.22 0.64
Rao (1999) hollow pile | 0.034 ' 0.15 |25 |25.96 to |to to
breakwater 0.73 | 0.30 0.69
Rao and :5:2:323 0.67 | 0.16 | 0.59
Rao (2001) | pi E 0.034 | 0.15 |25 25.96 to to to
i 0.79 | 0.22 0.71
breakwater
Rectangular 073 | 009 0.49
Huang )
(2007) pile 0.006 | 1.77 |21 56.41 to to to
breakwater 088 | 028 0.64
Mani Z(I)?cz)zg 0.67 | 0.16 0.57
(2009) Ec reen 0.040 | 0.22 | 40 20.49 to to to
0.83 | 0.18 0.73
breakwater
0.58 | 0.17 0.62
;ﬁejent Zt;rLoEgated 0.040 | 0.76 |19.2 | 14.20 to to to
’ 0.78 | 0.26 0.78

In order to understand the possible benefits of perforated CPHB over other similar pile
structures, their performances are compared and listed in Table 4.5. It is found that the
wave attenuation characteristics of the CPHB structure are in line with the other
structures with a minimal number of pile units. The number of CPHB units per meter
length is about 45.3% less than both hollow pile breakwaters and suspended pipe
breakwaters, 74.8% less than rectangular pile breakwaters and 30.7% less than zigzag
porous screen breakwaters. Considering the test conditions/parameters of the present

research work, it appears that the perforated CPHB tested herein is successful and a
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Figure 4.35 Comparison between perforated CPHB and other pile structures

better performing pile breakwater structure compared to most of the other similar

structures compared.

Considering the number of pile units required per meter width to obtain comparable
performance, it appears that the present perforated CPHB structure has the potential to
be economical in construction. However, the exact size, construction at the site and site
conditions need to be considered in proving the exact economy achieved. This aspect

is beyond the scope of the present research and is not explored.

45.3 Key findings
The following are the major findings derived after evaluating the perforated CPHB
performance with the results of other studies.

1. Introducing the best performing configuration of perforated hollow conical pile
head over the conventional pile breakwater improves the wave attenuation
characteristics of the structure.

2. The wave attenuation characteristics of the perforated CPHB structure are in
line with the other structures with a minimal number of pile units.

3. The wave attenuation capacity of the CPHB structure is comparable with other

pile structures with minimal reflection and higher energy dissipation.
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. The range of the K; values obtained for perforated hollow pile breakwater is
between 0.96 and 0.89 whereas, for the perforated CPHB, the K ranges between
0.78 and 0.58.

. The K for perforated hollow pile breakwater ranges between 0.04 and 0.1
whereas, for the perforated CPHB, the K, observed is between 0.17 and 0.26.
At the same time, the Kq obtained for the perforated CPHB (0.62 to 0.78) is
about double the perforated hollow pile structure (0.29 to 0.43).

. The comparative study between the perforated CPHB and perforated hollow
pile breakwater (PHPB) showed that CPHB is about 18.7% to 35% more
effective in wave attenuation than PHPB.

. The proposed perforated CPHB with optimum configuration (D/Hmax = 0.4,
Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2% and S/D = 0.25) is superior in
performance compared to the perforated hollow pile breakwater.

. The number of CPHB units per meter length is about 45.3% less than both
hollow pile breakwaters and suspended pipe breakwaters, 74.8% less than
rectangular pile breakwaters and 30.7% less than zigzag porous screen

breakwaters.

122



CHAPTER S

SUMMARY AND CONCLUSIONS

5.1 BACKGROUND

Pile breakwaters can serve as an alternative to conventional breakwaters when partial
wave attenuation is acceptable. Increasing the size of the pile breakwater in the vicinity
of the free surface increases the hydraulic efficiency, as most of the wave energy is
concentrated around the free surface. Therefore, a conical pile head breakwater (CPHB)
is proposed in the present study by gradually widening the diameter of piles towards
the free surface. The hydraulic performance of the CPHB is investigated while
monochromatic waves with varying wave heights and period at different depths of
water attack the structure. The influence of relative pile head diameter (D/Hmax), relative
pile head height (Y/Hmax) and relative clear spacing between the CPHs (b/D) on the
performance characteristics (K, Kr and Kq) of non-perforated CPHB are investigated
comprehensively and the best performing structural configuration is evolved. To
improve the performance of the CPHB structure, a second row of CPHB is introduced
in a staggered manner. The influence of clear spacing between the two rows of pile
heads (B/D) on the performance of CPHB is investigated through physical modelling
studies. However, depending on site conditions, there may be difficulties in
driving/construction of closely spaced two rows of piles.

To overcome this problem, an attempt is made to enhance the performance of single
row CPHB structure by incorporating perforations on the pile head. The influence of
perforations on the K;, K and Kq of perforated CPHB is explored through physical
model studies. The effect of distribution of perforations around the pile head (Pa),
percentage of perforations (P) and size of perforations (S/D) on the wave attenuation

characteristics are evaluated to arrive at an optimum configuration.
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Selected CPHB configurations are simulated using an open-source computational fluid
dynamics model REEF3D and the numerical results are validated with the experimental
data. In addition, a set of empirical equations is developed based on the experimental
values for quick prediction of K¢ and K. The estimated values of K; and K are in line
with the experimental data. Finally, to prove the relevance of the present study, the
performance characteristics of the perforated CPHB are compared with those of other
similar research works. The important conclusions derived based on the extensive
investigations conducted on non-perforated and perforated CPHBs under selected test

conditions are presented in the subsequent section.
5.2 CONCLUSIONS

5.2.1 Non-perforated CPHB
The following conclusions are derived based on the extensive experiments carried out

on non-perforated CPHB:

1. In general, the transmission coefficient (K) decreases with an increase in wave
steepness (Hi/gT?) whereas, K and Kq follow the opposite trend.

2. K is directly proportional to D/Hmax and b/D, and inversely proportional to
Y/Hmax. At the same time, K and Kq demonstrate the opposite behaviour.

3. The wave attenuation, wave reflection and energy dissipation of the CPHB are
more pronounced for steep incident waves than for gentle waves.

4. The structural configuration of D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1 is the
best performing model in case of a single row of CPHB with the least K; of 0.66
along with K, =0.22 and Kq = 0.72.

5. In the case of two staggered rows of CPHB, the B/D of 0.4 is the optimum
spacing between the rows, which provided a minimal K; of 0.58 with K, of 0.24
and Kq of 0.79.

6. The addition of the second row of CPHB with D/Hmax = 0.4, Y/Hmax = 1.5, b/D
= 0.1 and B/D = 0.4 configuration in staggered arrangement reduces the K; by
a maximum of 12.34% compared to a single row. However, from the practical

point of view, providing whether single or double row structure to achieve an
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extra 12.34% reduction in K; is a matter of judgement considering site
conditions. Therefore, efforts are made to introduce perforations on the best

model of single row CPHB and achieve improved performance.

5.2.2 Perforated CPHB
The following conclusions are recorded based on the physical model investigation

carried out on the perforated CPHB:

1. Thedistribution of perforations (Pa) on CPH, percentage of perforations (P) and
the size of perforations (S/D) play a significant role in influencing the hydraulic
performance of the perforated CPHB.

2. The wave attenuation capability of the structure is more pronounced for steep
waves than the gentle waves by about 11.2 to 24.5%.

3. The wave attenuation capability of the proposed perforated CPHB structure is
maximum when D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1 with Pa = 50%, P =
19.2% and S/D = 0.25.

4. A minimum K; of 0.58 associated with a maximum K; of 0.265 and Kq of 0.78
is realised for the optimum configuration of CPHB at a water depth of 0.45 m.

5. The perforated CPHB seems to be more efficient in wave attenuation than the
non-perforated CPHB by up to 12.4%.

6. Introducing perforations with optimal configurations on a single row of CPHB
is as efficient as introducing a second row of non-perforated CPHB with the

staggered arrangement.

5.2.3 Numerical modelling of CPHB
The following conclusions are derived based on the numerical simulations carried out

using an open-source CFD tool REEF3D.

1. Validation of the numerical results with the experimental data shows that
REEF3D produces reliable results with acceptable RMSE values.

2. For non-perforated CPHB, the numerical results are under predicted for K (less
than 4%) and over predicted for K and Kq (less than 9%). For the perforated
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CPHB, the variation is slightly higher (up to 12%) compared to the non-
perforated structure.

Introducing perforations with the optimum configuration (Pa = 50%, S/D =0.25
and P = 19.2%) on the CPHs enhanced the transmission capability of the CPHB
by about 5% to 16.5%. The values of K; and Kq increased on an average of about
27.25% and 10.28%, respectively.

Overall, the numerical model of the CPHB mimics the physical phenomenon of
experimental studies, and the perforated CPHB with the proposed configuration
is capable of reducing wave transmission by up to 42%. Hence, taking the site
characteristics into consideration, the CPHB may be considered as one of the
options among various solutions designed for wave attenuation/damping

purposes.

5.2.4 Empirical equations

The following conclusions are obtained based on the validation of empirical predictions

with the experimental data:

1.

2.

3.

The empirical equation for predicting the transmission coefficient (K;) and
reflection coefficient (K;) of non-perforated and perforated CPHBs are,

respectively,

Kt: e|:SKIj|— Ktp
Kr: SKI’+ Krp

A reasonably good agreement is obtained between the predicted values and
experimental data for both types of structure.

The empirical equations estimate the K; and K; values accurately with a high
coefficient of determination (R? > 0.90). Therefore, it can be stated that the
proposed empirical equations are reliable in predicting the K; and K; of both

non-perforated and perforated CPHBs within the limits of test conditions.
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5.25

Performance comparison with other studies

The following are the primary conclusions reached after comparing the performance of

perforated CPHB with other pile structures:

1.

5.2.6

Introducing the best performing configuration of conical hollow pile head over
the conventional pile breakwater improves the wave transmission
characteristics of the structure with higher wave dissipation.

The wave attenuation capacity of the CPHB structure is comparable with other
pile types of breakwaters with minimal reflection and higher energy dissipation.
The proposed perforated CPHB with optimum configuration (D/Hmax = 0.4,
Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2% and S/D = 0.25) is about 18.7%
to 35% more effective in wave attenuation than the perforated hollow pile
breakwater.

Summary

The conclusions of the present investigation are summarised below:

The structural parameters (D/Hmax, Y/Hmax and b/D) and perforation
characteristics (Pa, P and S/D) of CPHB play a significant role in influencing
the hydraulic performance of the structure.

For single row non-perforated CPHB, the structural configuration of D/Hmax =
0.4, Y/Hmax = 1.5 and b/D = 0.1 is the best performing model with the least K
of 0.66 along with K of 0.22 and Ky of 0.72.

For staggered two rows of CPHB, D/Hmax = 0.4, Y/Hmax = 1.5, b/D = 0.1 and
B/D = 0.4 is the optimum configuration which provided a minimal K; of 0.58
with K = 0.24 and Kq = 0.79 and it reduces the K by a maximum of 12.34%
compared to a single row.

The perforated CPHB attenuates the waves by up to an increased efficiency of
12.4% compared to that of a non-perforated structure.

Introducing perforations with optimal configurations (Pa = 50%, P = 19.2% and
S/D = 0.25) on a single row CPH surface is as efficient as introducing second

row of non-perforated piles with staggered arrangement.
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6. The validation of the numerical results with the experimental data proved that
REEF3D is reliable in simulating the CPHB structure.

7. Empirical equations to predict the hydraulic performance of non-perforated and
perforated CPHBs are,

K= e[SKt}— Kip and

Ky= Sk + Krp

8. The optimum configuration of single row CPHB is D/Hmax = 0.4, Y/Hmax = 1.5
and b/D = 0.1 with Pa = 50%, P = 19.2% and S/D = 0.25.

5.3 RESEARCH CONTRIBUTION
The research contributions of the present study are:

1. Developed a novel concept of conical pile head breakwater and evaluated its
hydraulic performance by considering different configurations of CPHB under
varying wave climates through physical modelling studies.

2. The influence of perforations has been investigated in enhancing the CPHB
performance.

3. Derived a set of empirical equations for computing the hydraulic performance
of the CPHB.

4. Simulated and validated the selected cases of CPHB by employing an open-
source tool REEF3D.

54 LIMITATIONS OF THE STUDY

The primary limitation in the present experimental study on CPHB is that the structure
is investigated under unidirectional monochromatic waves in a two-dimensional flume
with arigid seabed. Whereas, the porotype will be subjected to multidirectional random
waves with varying seabed. Even though the monochromatic waves are proven to give
conservative results (Neelamani and Rajendran 2002a; Neelamani and Vedagiri 2001),
it is suggested to verify the performance under random waves with mobile bed

conditions before implementing them in the field. Further, the empirical equations
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developed predict the performance of CPHB under limited laboratory conditions, which

may be further tuned for practical applications.

5.5 FUTURE SCOPE

Further research may be carried out on optimum perforated conical pile head structure
with varying patterns of perforations such as horizontal or vertical slits. Also, site-
specific optimization of CPHB profile to suit the particular wave climate at a given
location for the practical implementation may be necessary. Investigations with
different shapes of pile heads, such as rectangular, can be considered as another possible

subject for future research.
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APPENDIX-I

FREE SURFACE RECONSTRUCTION USING DIRICHLET
INLET BOUNDARY CONDITION

The spectrum decomposition technique for the harmonic components is used in the
present approach to reconstruct the free surface elevation in numerical wave tank
(Aggarwal et al. 2018). The Fourier analysis separates the variability of a time series
into components at each harmonic frequency and approximates a function as a sum of
the sine and cosine terms. The wave signal in experimental wave flumes recorded at a

target location is composed of incident and reflected signals:
X(t) = Xin (1) + X, () (Al-1)

where X, (t)and X, (t)) are the incident and reflected wave signals.

Further, the wave signal can be decomposed to multiple harmonic components using
FFT which can be represented as (Hoffmann, 2009):

dg & 2t 2mit
x(t) = 2 + Z(ai cos=— + b; cos—] (Al-2)
2 - T T

where ao, ai and bj are Fourier coefficients and T is the wave period.
The frequency of the 0" and i (i > 1) harmonic are given as:

27

=2 (Al-3)
o) = % (Al-4)

The amplitudes Aj and phases ®; can be computed from the Fourier coefficients using:

A= w/aiz + bi2 (Al-5)
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b:
®; = arctan — (Al-6)

aj
The free surface signal of the wave can be further written in terms of the Fourier
amplitudes and phases as:

Ay & .
X(t) = -t D (A cos (imgt + @;) (AI-7)
i=1

The computed Fourier components are re-tested by computing the autocorrelation
function and the cross-spectral density. The autocorrelation function for a random
process X(t) is defined as the average value of the product x(t) x (t + 7). With the
assumption of a stationary process, the value of E[x(t) x (t + t)] is dependent only on
the time separation 1. The autocorrelation function Rx(t) can be related to the spectral
density (Newland 1993):

R, (1) = TSX(w) el de (Al-8)

—00

where j is the square root of negative unity.

In the next step, the crosscorrelation functions of the input Rxy(t) and output signals;

i.e., Y(t), Ryx(t) are linked in terms of the cross-spectral densities using the inverse FFT:

Sy (®) = Sy (®)

Where, Syy is the cross-spectral density and S;X (w) is the complex conjugate of the

cross-spectral density.

After the cross-spectral densities of both the input and output signals are computed, the
computed wave amplitudes (Ai), angular frequencies (wi) and the phase angles (®) are
used as the inputs for the numerical model. The irregular wave signal is generated by
the superposition of the linear regular wave components in the next step with the

Dirichlet inlet boundary condition as:
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N
n= ZAI COS(kiX—OJit+(Di) (A"g)
i=1

w? = gk; tanhkih (Al-10)

Similarly, the horizontal velocity u and the vertical velocity w are also reconstructed by

superposition of the individual velocity components:

o cosh {|ki| (z+ h)}
u= E(Di Ai sinh (|k||h) COS (kl X — ot + CDi) (A'-ll)

N _sinh{|ki| (z+ h)}

W = o; A -
E' ' sinh(kj|h)

sin (kl X = O)it + (DI) (A|-12)

Where, k; is the wave number, N is total number of components, h is water depth, and
z is height of the point of interest from the free surface. In this manner, the target

experimental or theoretical wave signal is generated at the inlet boundary.
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APPENDIX-11

TRENDLINE SELECTION

In the present study, physical modelling studies are performed and the hydraulic
performance characteristics (K, K: and Kq) are plotted with wave steepness (Hi/gT?).
The trend lines are drawn for the discrete data in order to clearly comprehend CPHB
performance and evaluate the results. The R? values obtained for logarithmic, linear,
exponential and polynomial trend lines for a typical case of perforated CPHB (D/Hmax
=0.4, Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2%, S/D = 0.25 and h = 0.45 m) are
illustrated for logarithmic, linear, exponential and polynomial trend lines in Figure All-
1, Figure All-2, Figure All-3 and Figure All-4, respectively. As evident from the
figures, the logarithmic trend line is found to be better fitting with the highest R? values
than the other types considered. In order to evaluate the results and understand the
CPHB performance, logarithmic trend lines are employed for all the plots.

0.8 0.3 0.8,

< =4 o
0.2
0.6 0.6{ =
R2=0.9588 R2=0.7931 * R? = 0.9666
0.5 0.1 0.5
0.001 0.002 0.003 0.004 0.005 0.006 0.001 0.002 0.003 0.004 0.005 0.006 0.001 0.002 0.003 0.004 0.005 0.006
H/gr H/g1? H/gT?

Figure All-1 Logarithmic trend line plotted for a typical case of CPHB (D/Hmax =
0.4, Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2%, S/D = 0.25 and h = 0.45 m)

135



0.8

0.6

R? =0.9423

0.3

R? =0.7441

0.8

064 =

R?=0.8911

0.5
0.001 0.002 0.003 0.004 0.005 0.006
Hgr

0.1
0.001 0.002 0.003 0.004 0.005 0.006
H/gT?

0.5
0.001 0.002 0.003 0.004 0.005 0.006
H/g1?

Figure All-2 Linear trend line plotted for a typical case of CPHB (D/Hmax = 0.4,
Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2%, S/D = 0.25 and h = 0.45 m)

0.8

0.6

R? =0.9588

R? =0.7401

0.8

064 =

R? =0.8706

0.5
0.001 0.002 0.003 0.004 0.005 0.006
et

0.1
0.001 0.002 0.003 0.004 0.005 0.006
H/gr?

0.5
0.001 0.002 0.003 0.004 0.005 0.006
H/gT?

Figure All-3 Exponential trend line plotted for a typical case of CPHB (D/Hmax =
0.4, Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2%, S/D = 0.25 and h = 0.45 m)
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Figure All-4 Exponential trend line plotted for a typical case of CPHB (D/Hmax =
0.4, Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2%, S/D = 0.25 and h = 0.45 m)
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APPENDIX-11I

UNCERTAINTY ANALYSIS

Physical modelling test facilities varies in terms of facilities, apparatus, experimental
methodologies and size. As a result, a testing facility must give probable lower and
higher margins that may be used with an acceptable degree of confidence. Uncertainty
analysis refers to such a research for an experimental test method at a specific facility.
Uncertainty describes the degree of goodness of a measurement or experimentally
determined result. It is an estimate of experimental error. It is possible to conduct
experiments in a scientific manner and predict the accuracy of the results with the help
of uncertainty analysis. The confidence interval gives an estimated range of values,
which is likely to include an unknown population parameter. The 95% confidence
interval limits must always be estimated and this concept of confidence level is
fundamental to uncertainty analysis (Misra 2001).

A best-fit curve can include both 95% confidence band and the 95% prediction band.
Confidence band tells about 95% sure that the true best fit curve lies within the
confidence band. The prediction band tells about the scatter of the data. If data points
are considered, 95% points are expected to fall within the prediction band. Since the
prediction band has to account for uncertainty in the curve itself as well as scatters
around the curve, it is much wider than the confidence band. The 95% confidence bands
have a 95% chance of containing the true best fit curve and the 95% prediction bands
include 95% of the data points. Also the 95% confidence and prediction bands have
been accepted to be reliable enough for usage under the adoption of uncertainty analysis
(Misra 2001).

To evaluate uncertainty in the present test results, 95% confidence and prediction bands
are plotted for the typical cases of CPHB. Figure Alll-1 presents the 95% confidence
and prediction bands for the plots showing the variation of K;, K, and Kq for best
performing non-perforated CPHB configuration (D/Hmax = 0.4, Y/Hmax = 1.5 and b/D =
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0.1) at 0.45 m depth of water. Overall, based on uncertainty analysis, it can be stated
that the test results reported on non-perforated and perforated CPHB in the present

study are reliable.
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Figure Alll-1 Variation of K, Kr and Kq for best performing non-perforated
CPHB (D/Hmax = 0.4, Y/Hmax = 1.5 and b/D = 0.1) at 0.45 m depth of water with
95% confidence and prediction bands
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Figure Alll-2 Variation of Ki, Kr and Kqd for best performing perforated CPHB
(D/Hmax = 0.4, Y/Hmax = 1.5, b/D = 0.1, Pa = 50%, P = 19.2% and S/D = 0.25) at
0.45 m depth of water with 95% confidence and prediction bands
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