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Abstracts

One of the effects of global climate change on the coastal management is increment of amount
of offshore sediment transport which causes unbalance in on/offshore sediment transport rate, hence
coastal erosion. On the other hand, shore protection work by coastal structures such as detached
breakwaters and groins has recently shown some limitations causing various environmental problems.
To answer the question whether we could propose a new concept of shore protection in the management
of on/offshore sediment transport, this study investigates, through a number of laboratory experiments,
practical countermeasures for shore protection under severe storm conditions preserving the features of

natural beaches.

Chapter One illustrates the effects of global climate change on beach erosion and outlines
the limitations of the coastal structures in shore protection and environmental problems caused by the
protection work. Synthesizing the results of previous studies on post-storm beach recovery, the effects
of global climate change, such as sea level rise and high storm waves, on sediment transport are

summarized.

In this study, two practical countermeasures for shore protection are investigated. The first
one is “shore-face nourishment” which is based on a new idea that we utilize the sand at an offshore
bar that was transported offshore during a storm. In this method, some amount of sand is dredged at the
offshore bar and filled back at the shore-face, which may accelerate recovery of the beach under post-
storm calm wave condition. This method includes two parts i.e. the sand dredging at the bar and the
beach nourishment at the shore-face. These two parts of the method are studied in Chapter Two and
Chapter Three, respectively. The other countermeasure investigated in Chapter Four is “perched beach
nourishment”. In this method, beach is nourished by sand on the onshore side of a submerged
breakwater. From the viewpoint of sediment management, the sand volume lost over a submerged

breakwater as well as beach deformation is discussed based on the experimental results.

In Chapter Two, the effects of sand dredging at an offshore bar on the shoreline change are
investigated through a series of 2D and 3D hydraulic experiments and numerical simulations. Sand
dredging under the erosive wave condition causes quick retreat of the shoreline almost proportionally
to the dredged volume. The shoreline retreat caused by the sand dredging is quantified with a simple
relationship between the volume of sand dredging and the shoreline position of the equilibrium profile.
In addition, it is found that the speed of shoreline retreat can be delayed by periodic sand dredging in

the calm wave seasons.

In Chapter Three, the effectiveness of the shore-face nourishment is studied based on a series
of hydraulic experiments in which various methods of sand dredging are tested under different

conditions of waves and sea levels. The results show that the shore-face nourishment under the accretive



wave condition is able to accelerate beach recovery by enhancing onshore sediment transport rate. It is
found that the sand volume of nourishment, the wave condition and the sea level are predominant
parameters in the post-storm beach recovery. In addition, the location of the nourishment is also a factor
affects to the recovery.

In Chapter Four, the effectiveness of the perched beach nourishment is investigated through
a series of hydraulic experiments. The results are discussed in terms of beach deformation and sediment
volume that is lost offshore over a submerged breakwater under storm waves. The effects of irregularity
of the waves are also highlighted comparing between regular and irregular wave cases. Under irregular
storm waves, both the beach deformation and the volume loss are insignificant, which indicates the
perched beach nourishment has high potential for shore protection. Regarding the effects of irregularity,
the deformation of the beach profile and volume loss under regular waves are always greater than those

under irregular waves in the case of equivalent wave height.

In Chapter Five, major findings and conclusions obtained in this study are summarized.
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Chapter 1 Introduction

1.1 Background

The world population has approximately reached 7.4 billion in 2016. The United Nations
recently announced that the world population would increase to between 9.6 billion and 12.3 billion in
2100%. Many of large cities in the world are located in coastal zones? and more than 75% of people are
expected to live within 100 km from coast by 2025. The number of megacities that the population is
over ten million increases rapidly since last two decades (Fig. 1.1)*. Rapid urbanization has many
consequences such as enlargement of natural coastal inlets and dredging of waterways for navigation,
port facilities, and pipelines exacerbate saltwater intrusion into surface and ground waters?. In addition,
some of human economic activities affect sediment supply to the coasts. By constructing dams for
flooding control, hydroelectric power etc. upstream, the amount of sediment discharge to downstream
significantly decreases®. Coastal zone may suffer cumulative burden from the urbanization and the

economic activities. These issues pose potential risks of coastal damage.

Evidence shows that global sea level has been rising because of the global warming over the
last several decades. Menéndez and Woodworth® studied a change in extreme high water levels and
showed that in the Southeast United States, the Western Pacific, Southeast Asia and a few locations in
Northern Europe, the water level had a change in amplitude of more than 5 mm/year after removal of
annual medians water level (Fig. 1.2)". The Fourth Assessment Report of Intergovernmental Panel on
Climate Change concluded that the highest water levels have been increasing since the 1950s in most
regions of the world, caused mainly by increasing mean sea level. Since then, there are many published

studies continuously support this conclusion® 9 191D,

Unnikrishnan et al. used Regional Climate Model (RCM) simulations to force a storm surge
model for the Bay of Bengal and found that a combined effect of mean sea level of 4 mm/year and RCM
projections for the A2 scenario (2071-2100) gave an increase in total levels of the sea in 100 years
between 0.4 to 0.67 m along the northern part of the east coast of India*?. The coastal systems and low
lying areas will experience the extreme sea levels and their adverse impacts. The sea level rise causes
unsteady changes of beach profile. The sediment is now underwater level and only natural way the
beach can reach a new balance conditions is to erode (Fig. 1.3)*¥¥. There are also many studies by

observations of coastal erosion due to the sea level rise!® 01718,
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Fig. 1.1 The world’s cities by size class of urban settlement, 1990, 2014 and 2030%.
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Fig. 1.2 Estimated trends (cm per decade) in the height of a 50-year since 1970 event in extreme sea
level from total elevation after removal of annual medians. Only trends significant at the 95%

confidence level are shown (data are from Menéndez and Woodworth®)".

The global climate change also affects wind velocity and cyclone increment. There is increasing
evidence for a strengthening wind stress field in the Southern Ocean since the early 1980s from
atmospheric reanalysis, satellite observations, and island station data”. Ocean waves are generated by
the wind systems. Thus, the extreme change in wind velocity causes high wave formation. The data of
in situ and satellite altimeter observations, and wave model showed that significant wave heights have
increased in regions of the North Pacific and the North Atlantic over the past half century, also, in the
Southern Ocean since the mid-1980s*®. Besides that, the positive trends of wave height have been
detected in the Southern Ocean between 1985 and 2008 regarding satellite data”. Ocean waves are main
driving forces of coastal erosion, thus as the wave height increases, wave energy dissipation in nearshore
area increases, resulting in elevated coastal sea levels through wave set-up, run-up and hence the beach
erosion. In addition, the wave directions and periods vary by wind conditions which influence shoaling
and refraction®®. According to the change in wave condition, the beach is adjusted to equilibrium by
on/offshore sediment transport. Under steep erosive waves, the sediments are dragged offshore to the
wave breaking point where sand bars are formed, steepened the beach face. Rate of shoreline erosion
from the water level and the wave action is related to both the rise in the sea level and the shape of the
beach slope®???). Globally, beaches and dunes have undergone the erosion over the past century or
longer?. Along the coastline of the United States of America, Mid-Atlantic and New England coasts,

the long term rate of erosion is 0.5 + 0.09 m/year?®.
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Landward

—— Initial beach profile
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Fig. 1.3 Simplified model of landward coastal retreat under sea level rise (regarding to the Bruun

Rule®!)™.

In the last decade, the severe erosion of the coasts at the Gulf of Mexico were caused by many
powerful hurricane including Charley (2004), Ivan (2004), Katrina (2005), Rita (2005), and Ike
(2008)®). Extreme storms can erode and completely remove dunes, degrading land elevations and
exposing them to inundation and the worse cases of incomplete recovery before the next storm®®. A
number of experiments that are able to simulate intense tropical cyclones project increasing the
frequency of the storms in some regions. However, there are limited studies and insufficient data to
assess for most regions (Fig. 1.4). The confidence is higher in the North Atlantic and Western North
Pacific basins where an increase in the frequency of the strongest storms is projected”. The projections
of global warming under the 21% century indicate that, the global frequency of tropical cyclone will
either decrease or remain essentially unchanged, however, an increase is likely to occur in both global
mean tropical cyclone maximum wind speed and rainfall rates”. Thus, factors may affect the coastal
erosion caused by climate change are sea level rise, increase of wave height; in some regions, the intense

storm may increase in frequency, rainfall rate, and maximum wind speed.

In the Asia-Pacific regions, the global climate models show increasing the confidence with
which projections of future changes in extreme climatic events, such as heat waves, heavy rainfall and
typhoons. For instance, the frequencies of extreme high temperatures and heavy rainfall events in Japan
are expected to increase during the present century (Fig. 1.5)?”). Mori et al.?®) based on MRI
(Meteorological Research Institute) Global Climate Model and SRES (The Special Report on Emissions

Scenarios) Scenarios A1B?%, projected wave height in Japan’s surrounding water and concluded that



the extreme wave heights of future climate will be increased significantly in tropical cyclone areas (Fig.

1.6). The increment of wave height may be from +2.34 to +8.49 m.
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Fig. 1.4 General consensus assessment of the numerical experiments. All values represent expected
percent change in the average over period 2081-2100 relative to 2000-2019. Four metrics were
considered: the percent change in (1) the total annual frequency of tropical storms, (I1) the annual
frequency of Category 4 and 5 storms, (111) the maximum intensity achieved during a storm’s lifetime
(LMI) and (1V) the precipitation rate within 200 km of storm center at the time of LMI (denoted “insf.
d.” is insufficient data)®.
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Fig. 1.5 Number of days >30°C (left) and rainfall >100 mm/day (right) for Japan predicted by
MIROC-hi®®.
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Fig. 1.6 Projected heights of waves in Japan’s surrounding waters with annual exceedance
probabilities of 1 in 50 year (current climate corresponds to 1979-2003; future climate corresponds to
2075-2099)%®).

There is little room for doubt that the coastal zone has faced severe geohazard phenomena such
as storm, landslide/cliff collapse and erosion due to the global climate change. The erosion of sandy
beaches and low-lying land are in great effects from floods, sea level rise, storm. Furthermore, together
with the growth of the world’s population, the coastal zones are affected not only by the natural hazards

but also by the anthropogenic hazards. This issue is likely to increase during the next decades.

On the other hand, shore protection works by coastal structures such as detached breakwaters
and groins has recently shown some limitations causing various environmental problems. The beach
erosion in Japan has been occurring significantly since 1960s. In this time, a number of coastal
structures such as detached breakwater, sea dike, jetty, seawall, groin have been constructed (Fig. 1.7)%7.

The number of detached breakwater is remarkable. Uda®?

studied the causes of erosion in Japan and
classified it in seven types of beach erosion in which four reasons are related to the shore protection
works by coastal structures. On a coast with predominant longshore sediment transport, a breakwater,
jetty, detached breakwater or groin can obstruct or slow down the longshore sediment transport at the
upcoast and the erosion occurs at the downcoast causes an unbalance of sediment budget between
up/down coasts. Fig. 1.8 shows the shoreline changes caused by the construction of detached
breakwaters at Ghotsu coast, Shimane prefecture, Japan. If the sediment budget is not balanced, beach
erosion will occur at some other places although coastal structures may solve the problem locally. In
addition, the coastal structures may cause other environmental problems such as loss of natural beach

landscape, altering the natural hydraulic processes, damage to ecosystem, etc. Fig. 1.9 showed the

[ep]



effects of coastal structures on breeding of turtle at Enshu-Nada coast, Toyohashi, Aichi Prefecture,

Japan.
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Fig. 1.7 The increment of growth ratio of coastal structures in Japan®?.
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Fig. 1.8 Changes in shoreline of Ghotsu coast, Shimane prefecture, Japan®?.



Fig. 1.9 Turtle in Enshu-Nada coast, Toyohashi, Aichi Prefecture, Japan (by Tanaka Y., Omotehama
Network).

In storm season, the offshore sediment transport is dominant. Sediments of the foreshore area
are dragged far away from the shoreline by magnificent or successive storm waves, retreated shoreline
may result. Whereas, in calm season, the onshore sediment transport becomes dominant in turn.
Sediments are moved onshore by accretive waves; hence the shoreline is recovered. The beach is
completely recovered in the case that the amount of offshore sediment transport is balanced with the
amount of offshore sediment transport. There were studies that investigated the recovery of post-storm
beach and showed that the post-storm beach recovery occurred at larger time scales in some post-storm
wave conditions®® *). Beaches of southeastern Texas, the United State of America after the Hurricane
Alicia is one instance of the partial recovery and subsequent erosion as observed (Fig. 1.10). The most
significant period of recovery was the first post-storm year when about 40% of the eroded sand returned
to the entire beach. Recovery during the next three years was much slower where the recovery is about
10%. However, even ten years after the storm, the beach had not been completely recovered. In some
areas, the beaches are attacked by other storms during the recovery period3. In that areas, the amount
of offshore sediment transport is higher than the amount of onshore sediment transport in a certain
period post-storm. Therefore, the rate post-storm beach recovery is very slow. Under the global climate
change, the frequency of tremendous storms increases as well as precipitation intensity and maximum
wind speed. The less recovery of post-storm beaches commonly occurs in the next decades. To some
extent, under the global climate change, a concept of shore protection in sustainable development of

coastal zone has been changed. In the case that sediment volume inside the littoral cell is preserved i.e.



the amount of sediment moved out is balance with the amount of sediment moved in, stable shoreline
is observed (Fig. 1.11). In this study, the concept of shore protection under the global climate change

should be management of the on/offshore sediment transport in littoral cell.
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Fig. 1.10 Cumulative recovery of West Beach. Calveston Island, expressed as a percent of total sand

eroded by Hurricane Alicia®.

Along with the increment of natural hazards and the limitations of shore protection works by
coastal structures such as detached breakwaters and groins causing various environmental problems,
the population in coastal area are rapidly increased, thus demand for tourism and other leisure activities
on beaches apparently grow. Therefore, developing some practical countermeasures to protect the
coasts under severe storms while retain some features of the natural shorelines are essential for the
coastal conservation. Beach nourishment is one of solutions fulfill the requirements. Beach nourishment
comprises the placement of large quantities of good quality sand within the nearshore system*®. In
general, nourishment activity is placing a volume of sediment taken from other places outside the littoral
cell on the shore zone (Fig. 1.12). Thus, enormous amount of sediment is required for the nourishment,
however, sources of material for replenishment is gradually becoming exhausted and costly. Therefore,
reduction of the amount of materials for replenishment is one of the solutions to cost reduction in beach
nourishment projects. In this study, two recommendation methods were tested and proposed for the

issue.

First, perched beach nourishment aims at not only advancing the shoreline but also decreasing

the amount of nourished sediment, which consists of placing a submerged breakwater at proper location



on beach and nourishing material for replenishment onshore side. The submerged breakwater has two
main roles which are dissipating wave energy and restraining volume of the nourished sediment lost
offshore. Chatham®® studied the response of perched beach profile by conducting physical experiments
in regular storm waves. The regular storm waves were generated for 3 to 12 hours continuously until

the perched beach profile reached equilibrium condition. Sorensen and Beil®”

conducted experiments
to investigate the response of perched beach profile under 42 hours of irregular storm waves generation.
The results showed that scour depth and volume loss of the perched beach of these studies are
comparatively high. In real time scale, storm attacks beach only for several hours. Thus, the time scale
of experiments in researches of Chatham®® and Sorensen and Beil*” were not realistic as the storm
waves of these experiments were generated for very long time. In this study, the gaps of compatibility
between experimental time scale and real time scale are fulfilled. A hypothesis that the perched beach
nourishment method is an effective engineering method for coastal protection. The relationship between
scour depth of the perched beach, volume lost over submerged breakwater and intensity of storm was
tested. It was hypothesized that under some storm wave conditions, the submerged breakwater of the

perched beach could dissipate the wave energy, and the scour depth and volume loss are insignificant.
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Fig. 1.11 Activities of human and nature on littoral zone in coastal area.
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Fig. 1.12 Possible zones for nourishments, (a) dune nourishment, (b) beach nourishment, (c) shore-

face nourishment®®.

Second, shore-face nourishment is defined as nearshore berms or mounds constructed from
dredged material as a feeder berm in shallow water at the seaward flank of the most offshore bar or as
a reef berm in deeper water acting as filters for storm waves®. In this definition, the replenishing
sediment is taken from other littoral cells. In this study, however, “shore-face nourishment” is looked
in another perspective i.e. the replenishing sediment is dredged from offshore bar in which was formed
during the storm and nourished on the shore-face of the beach. The time of shore-face nourishment is
in calm season. The waves of this season is almost accretive waves move the nourished sediment
onshore. Thus, the onshore sediment transport rate is accelerated. Therefore, the balance of the rate of
on/offshore sediment transport during and after storm is assured. In addition, the method can save a big
amount of sediment for nourishment. Regarding this issue, a hypothesis such that the shore-face
nourishment is an effective engineering method to accelerate post-storm beach recovery rate is proposed.
The hypotheses regarding the relationship between the post-storm beach recovery rate of shoreline and
berm volume in cases of with and without shore-face nourishment is tested. It is hypothesized that under

the case of shore-face nourishment, the post-storm beach recovery rate is accelerated.
1.2 Methodology of Study

To evaluate feasibility of the shore-face nourishment method on acceleration of post-storm
beach recovery, and assess the effectiveness of perched beach method in the shore protection under
storm, physical experiments are conducted in 2D wave flume and 3D wave basin. The shore-face
nourishment includes two processes. A volume of sand is dredged from the offshore bar; thereafter, it
is nourished on the shore-face of the beach. In the prior process, the sediment is taken out of the littoral
cell, thus it may give some negative effects on the beach erosion. Therefore, the effects of nearshore

bar sand dredging on the beach erosion are firstly quantified.
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In the shore-face nourishment method, first, the effects of nearshore sand dredging on the
shoreline changes were examined. Volumes of sand dredging directly affected the intensity of shoreline
retreat, thus quantification of the impacts of sand dredging volume on the intensity of shoreline retreat
is studied by using theoretical analysis. The results are verified by physical experiments in 2D wave
flume and numerical simulation model SBEACH. Other impact parameters on the shoreline retreat such
as dredging time and dredging method are also discussed by conducting physical experiment in 2D
wave flume. Sand is dredged under erosive and accretive waves to illustrate that which is the proper
time for sand dredging with less effect on the beach erosion. Sand is also dredged by one-time or
periodic dredging method. To determine positions of retreated shoreline as well as erosion rate of the

shoreline after nearshore sand dredging, physical experiments are conducted in 3D wave basin.

To examine the feasibility of the shore-face nourishment on acceleration of post-storm beach
recovery, a series of experiments with various experimental conditions such as post-storm wave
conditions, water levels, nourished sand volume, method of nourishing sand are carried out in 2D wave
flume. The feasibility of shore-face nourishment on post-storm beach recovery is tested by using
shoreline recovery rate and recovered berm volume. The experiments are also conducted in irregular

waves, in order to assess the applicability of the shore-face nourishment to real wave conditions.

To examine the response of perched beach on regular and irregular storm waves, a series of
experiments is conducted in 2D wave flume. In each pair cases of the regular and irregular waves, the
waves were generated in same conditions. The wave conditions of regular and irregular waves are
discussed in term of equivalent wave height and equivalent wave energy. The scour depth and volume

loss are used for evaluate the effectiveness of the perched beach in the shore protection.
1.3 Goals, Scopes and Objectives of Study

The goals of this study are to assess the coastal development and management in the next
several decades; to develop a new concept of shore protection in sustainable development and
management of coastal zone. The beach nourishment is the most effective method of shore protection
while retain the natural features of beaches. However, the sediment budget for beach nourishment is
more and more exhausted. In this study, two methods are proposed to reduce the nourished sediment.
Whereas, the perched beach nourishment method uses less nourished sediment than the conventional
beach nourishment, the shore-face nourishment method does not use any volume of additional

nourished sediment.

Previously, we introduced the effects of climate change on the coastal erosion in which storm
is a tremendous natural hazard causes severely beach erosion by dragging sediment offshore. In the
storm and post-storm, the cross shore sediment transport is dominant, thus it is taken into account for

evaluation of shore protection in this study. To accomplish the goals under the scopes of the study in
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which using less of nourished sediment and dominant of cross shore sediment transport, the objectives

of the research are as follows:
To quantify the impacts of sand dredging at the nearshore zone on shoreline change.

To evaluate the feasibility of the combination between nearshore sand dredging and shore-face

nourishment in terms of acceleration of post-storm beach recovery.

To identify the effectiveness of the perched beach on the shore protection under storm waves.
1.4 Structure of Dissertation

The dissertation is composed of five chapters, each of them deals with different subjects.

Chapter One introduces the research issue and defines the goals, scopes, as well as objectives
of the study. Chapter One consists of three main parts. Part 1.1 describes the evolution of coastal
development and management. By identifying the impacts of the world population growth, economic
development, the limitations of coastal structure on shore protection and the global climate change on
the beach erosion. The world population growth and economic development make burdens on the
coastal zones. Thus, the coastal zones may be exposed to increasing risks of erosion. Coastal structures
locally protect the shore in this place, however, causes erosion in other places. In addition, coastal
structures also cause many other environmental problems. The global climate change causes increasing
of sea level, height of waves, and frequency of big storms. Thus, coastal erosion issue has been getting
seriously. A new concept of shore protection was proposed that is balancing the on/offshore sediment
transport or constraining the sediment from offshore transport in the littoral cell. Therefore, two
countermeasures of beach erosion were suggested for the study. Part 1.2 describes the methodology of
research. In this part, the components of research strategy were briefly stated. Part 1.3 explains goals,
scopes and objectives of the study.

Under storm condition, the combination of nearshore sand dredging and shore-face
nourishment were taken into account for shore protection. However, nearshore sand dredging is an
activity that removes the sediment out of the littoral cell, thus it may cause shoreline retreat. Therefore,
Chapter Two studies the effects of nearshore sand dredging on shoreline retreat. Chapter Two consists
of four main parts. Part 2.2 illustrated the quantification of shoreline retreat under various sand dredging
volumes. The results showed that the nearshore sand dredging causes rapidly retreat of shoreline. The
retreat of shoreline is proportional to the volume of sand dredging. The other factors that affect the
shoreline retreat such as time of dredging, method of dredging were also discussed. Sand dredging in
calm season and periodic sand dredging can delay the shoreline retreat. However, magnitude of the final
shoreline retreat was not different. Part 2.3 examined the positions of shoreline retreat after the
nearshore sand dredging. The shoreline retreat area is located at the lee of dredged hole and flanks by

two accreted areas. Part 2.4 assessed infill rate of nearshore dredged hole after sand dredging. The
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dredged hole was quickly filled by the sand that was transported from the foreshore area, hence the
shoreline. Finally, in order to minimize the effects of nearshore sand dredging on the shoreline retreat,

the suggestions are shown in part 2.5.

Chapter Three examines the applicability of the shore-face nourishment method to artificial
acceleration of post-storm beach recovery in regular and irregular waves. This chapter consists of three
main parts. Part 3.2 illustrates the feasibility of the shore-face nourishment on acceleration of post-
storm beach recovery. The recovery of post-storm beach is evaluated by two parameters: the shoreline
recovery rate and the volume of berm in the foreshore area. The results of experiments showed the quick
recovery of post-storm beach in the cases of shore-face nourishment comparatively with the cases of
without shore-face nourishment. Part 3.3 investigated the other parameters that affect the post-storm
beach recovery rate in the cases of shore-face nourishment such as accretive wave conditions, nourished
volumes, positions of nourished areas, water levels, methods of nourishment. Part 3.4 addresses the
issue of feasibility of the shore-face nourishment on post-storm beach recovery rate in irregular waves.
In irregular waves, the post-storm beach recovery rate also increases. The comparison of the results of
shore-face nourishment in regular and irregular waves is also discussed in this part. In the irregular

waves, the artificial acceleration of post-storm beach recovery rate is smaller than that in regular waves.

Chapter Four examines the effectiveness of perched beach nourishment on shore protection.
Part 4.2 illustrates the response of perched beach profile in regular and irregular waves under equivalent
wave height. Under the normal waves, the response of the perched beach profile between these two
waves are similar. Under erosive waves, however, the scour depth and volume loss of irregular waves
are insignificant and much less than those of regular waves. Part 4.3 looked into the issue with other
perspective. This part investigates the response of perched beach profile in regular and irregular waves
under equivalent wave energy. The results showed that the response of perched beach under regular and
irregular waves are similar except for the scour depth intensity. Finally, the classification criterion for
the type of perched beach profile in irregular waves was proposed regarding the results of this study
and empirical results of Larson and Kraus®.

Conclusions were summarized in Chapter Five. The main aim of the dissertation that proves
the initial hypotheses has been reached. The study concluded that the cross shore sediment transport
management is one of important key concepts for shore protection under global climate change. The
shore-face nourishment and perched beach nourishment are two effective methods for coastal
conservation in the next few decades. Finally, the limitations of the research and the recommendations
for the future research were discussed regarding the results of study, consequences of experiment

conditions, insufficient data and lack of field data.
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Chapter 2 Nearshore Sand Dredging

2.1 Introduction

In some developing countries, sand dredging in nearshore zone is very common. However, the
sediment management in coastal area is in infancy. In Japan, however, to enhance sediment
management in coastal area, sand is sometimes dredged at the nearshore zone in the deposited areas and
then nourished to the eroded areas. Sediment management in terms of nearshore sand dredging is
important for beach nourishment, sand bypassing and sand recycling. However, the sand dredging in
the nearshore zone may cause negative effects to the shoreline erosion. In this chapter, the shoreline
changes because of the nearshore sand dredging as well as the evolution of dredged hole after sand
dredging were taken into account to evaluate and quantify the effects of nearshore sand dredging.

Price et al.” studied the existing dredging area in south of England and shown that the sand
dredging area close to the shore can have significant negative impacts, causing severe erosion of the
foreshore. A study in the Genkai Sea, Japan found that dredged holes in an area where the water depth
is less than 30 m refilled with sand that was mainly transported from the onshore side?. On the western
Black Sea coast of Turkey where sand dredging is planned at the near-shore zone for construction, the
most critical problem is whether the project results in significant negative impacts or changes in physical
or biological processes®. These studies qualitatively evaluated the negative impacts of sand dredging
to the shoreline by field observations. Quantitative evaluation, however, is required for sediment

management.

The impacts of dredged hole that located very offshore on the shoreline change have been
investigated in many studies, however, varied results of shoreline change were showed, i.e. along the
shoreline, both accretion and erosion were found behind the dredge hole in different conditions.
Horikawa et al.” conducted experiments in wave basin and assessed the impact of offshore dredged
hole to the shoreline change using the refraction model, in which accretion was observed at the lee of
the dredged hole. Motyka and Willis® used a wave refraction model for the offshore dredged hole and
the results give the reverse of that observed by Horikawa et al.*). Bender® modeled the shoreline change
by combined wave refraction and diffraction, and found that the changes of shoreline could alter with
specifications of wave conditions and unchanged dredged hole. Work et al.” studied the impacts on
shoreline due to the sand dredging outside the surf zone. The results showed that the sediment was
accumulated at the lee of dredged hole and wave diffraction was neglected in wave model. McDougal
et al.? studied the wave diffraction caused by dredged hole under long wave condition and showed that
the appropriate selection of dredged hole dimension and placement may lead to significant reduction in

wave height in the lee of dredged hole. The accretion in the lee of the dredged hole can occur if the
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width of dredged hole is large enough. To some extent, the impacts of the dredged hole that located in

the nearshore zone on the shoreline changes may differ.

In the study of evolution of dredged hole after sand dredging, Gonzalez et al. developed a
numerical model for predicting the morphodynamic evolution of offshore dredged hole (dredged area
depth h, > 20 m). The simple model provides an estimation of the infill rate and migration velocities of
the offshore dredged holes on the scale of years. Dolah et al. studied infill rate in sand borrow areas
at the offshore sites used for beach nourishment projects in South Carolina, the result showed that the

infill rate is inversely proportional to the distance of dredged hole from the shore.

To evaluate quantitatively the shoreline retreat caused by nearshore sand dredging, a
combination of theoretical, numerical and physical methods was used. The experimental and numerical
methods were used for verifying the theoretical analysis of the shoreline retreat in difference of sand
dredging volumes. The experiments were conducted in 2D wave flume and 3D wave basin, and the
SBEACH model was used for numerical simulation. The results showed that after nearshore sand
dredging, the shoreline rapidly retreated at the lee of dredged hole and then the dredged hole is speedily
filled up.

2.2 Quantification of Shoreline Retreat
2.2.1 Theoretical analysis
Bruun'® suggested the simple relationship for equilibrium beach profile as
2
h(y) = Ay 1)
in which h is the water depth at a distance y from the shoreline, A is a profile scale parameter.

A definition sketch of the profile before and after sand dredging in the nearshore zone is
presented in Fig. 2.1. It is common to assume that the profile retreats uniformly at all active elevations
as long as the beach maintain its shape across the profile. In addition, it will be assumed that within the
surf zone wave height is proportional to the local water depth with the proportionality factor, «, i.e.
H=xh (x=0.78). At the breaking point, wave breaking height H, =xh., where h. is closure depth.

Referring to Fig. 2.1, sand dredging volume, Vg, is equal to the eroded volume, V.
V, =V, (2.2)

When Equation 2.1 and 2.2 are combined the following implicit equation for the maximum

shoreline change, Ay, is obtained

BW. W. 5Bl  W. B @3)

\Y/ Ay 3h, A % 3h.
d _ y+_ (1_ yJ v
5B
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in which W is the seaward limit of active profile (m), B is the berm height (m).

%
W[ )" 24
KA

In this case the shoreline is in recession thus, Ay < 0. Equation 2.3 can be expressed in non-

dimensional form as
3
V,'= —Ay'—gh*‘(l—(l—Ay')%) (2.5)

in which the non-dimensional variables are

Ay': ﬂ’h*lz E’Vd '— Vd
W. B BW.

(2.6)

The Equation 2.5 is plotted in Fig. 2.2. This figure showed the non-linear relationship between
shoreline retreat Ay and sand dredged volume V4. For small values of V4 Equation 2.5 can be

approximated as

V
Ay=——0
y B+h. @7

YA
\ =
<L
=~

y

LEGEND

— ——Initial slope profile
Profile after nearshore
sand dredging

% Va=Ve h*

Fig. 2.1 Definition sketch for response of profile due to nearshore sand dredging™?.

20



2 - . .
| | | ' 1

________ L ___.______hsB=10
S L6p-oe-- b - R (S
< : : : :
N T T A ]
‘é 1 1 1 20/
o 12F------ Foomee- RRRR e RREEEEEE Bkl
E [ I [ |
© \ : : .
S ________ [ /4 I 1T T T T2
- : ' : :
2 0.8 ------ boooe S A s 407
] 1 | 1 |
E 1 |
g f- F S b s 6.0
8 l I | | 80‘
E L _____/ _ g _ \_ ~ - - =
5 04 | ' 10.0

==

0 1 : L : 1 : L : 1

0 1 2 3 4 5
Dimensionless sand dredging volume V/(BW+)
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nearshore zone, Vg/(BW-), dimensionless breaking depth, h./B'.

2.2.2 Physical and numerical modelling
2.2.2.1 Physical modeling

The experimental study of the sand dredging in the near shore zone was carried out at the
Hydraulic Laboratory of Osaka University. The experiments were conducted in a 2D wave flume of 30
m long, 0.7 m wide and 0.7 m deep. To evaluate the influences of volumes, times and methods of sand
dredging on the intensity of the shoreline retreat, seven cases of the experiments were conducted (Table
2.1). The experiment was set up as shown in Fig. 2.3. Median grain size of sediment dsq is 0.22 mm.
The sediment grain size distribution is shown in Fig. 2.4. The median grain size of sediment is larger
enough to eliminate the viscous and surface tension effects. This sediment is used for all of physical
experiments in this study. To create barred type profile from the initial slope, regular erosive waves
were generated for 60 minutes with incident wave height H = 0.14 m and wave period T = 1 s*,
Thereafter, a volume of sand was dredged only one-time in all the cases except for experiment E2D
where sand was dredged at the bar every 60 minutes during a 300 minutes wave generation period and
the total dredged volume was 0.066 m*/m. After the sand dredging, the same wave condition was
generated again for 300 minutes in all the cases except for case E5D. In the case E5D, to dredge sand
in accretive wave condition, waves were shifted to accretive wave condition with incident wave height
H = 0.05 m and wave period T = 2 s*® and generated for 300 minutes after sand dredging. Thereafter,
waves were shifted back to erosive waves with wave height H = 0.14 m and wave period T =1 s and

generated for 300 minutes. The beach profile was measured at 2-cm intervals by an optical bottom
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profiler and the wave height was measured at 50-cm intervals along the profile by the first wave gauge.
The measuring instruments were placed on atrolley car. At each position, the wave height was measured
for 10 s before moving to the next position. The second wave gauge, which measured the offshore wave

height, was set 7.3 m from the end of the slope.

Even in the case without sand dredging (case E1), the shoreline still gradually retreated after
60 minutes of erosive waves generation. Thus, the additional shoreline retreat caused by sand dredging

was defined as the difference between the measured retreat and that of case E1.

~ Wave Wave
Profiler _||g8augel gauge2 Wave
H generator
= A
ONNO
1 || 1 I I ||
-,
i
| AL 0N ¢
\\\ \\\ ......... =
A
T SS 0
eSSl R /
\\\. o0 }‘s
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—--— 360mins erosive profile from Sand dredging area
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Fig. 2.3 Physical modelling for nearshore sand dredging in 2D wave flume.
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Table 2.1 Experimental conditions in 2D wave flume®?.

Case Dredging method | Wave condition Dredging Type of wave

No. (H/T) volume Vyq

(m*/m)

El Without dredging 0.14/1.0 0.000 Erosive wave
E3D1 | One-time dredging 0.14/1.0 0.020 Erosive wave
E3D2 | One-time dredging 0.14/1.0 0.040 Erosive wave
E3D3 | One-time dredging 0.14/1.0 0.060 Erosive wave
E3D4 | One-time dredging 0.14/1.0 0.080 Erosive wave

E2D Periodic dredging 0.14/1.0 0.066 Erosive wave
E5D | One-time dredging 0.05/2.0 - 0.060 Accretive wave-
0.14/1.0 erosive wave

2.2.2.2 Numerical modelling

In the numerical modelling, SBEACH program was used for simulating the changes of beach
profile cause by the nearshore sand dredging. SBEACH was developed to simulate storm induced beach
change, which has been validated and used extensively for erosive conditions'®. The model was slightly

modified for the experimental approximation. Sediment transport zone is divided in 4 zones as in Fig.
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2.5. As the wave height distribution is calculated across-shore for a given time step, location of the
boundaries between the different sand transport zones is determined. Sediment transport is calculated

from zone | to zone 1V by following equations, respectively:

q=ge O Yo <Y (28)
~%(¥-Yp)
q:qpe ’ yp <y£yb (29)
dh
dh _ea
K| D-D, +£52 P> Py
q= K dy (2.10)
g dh
0 D<D,,———
K dy
Y-y
Q=qz(—r] Ye <Y<Y, (2.11)
Y. =Y,
in which
q = net cross-shore sand transport rate, m*/m-sec
M2 = spatial decay coefficients in Zones | and 11, 1/m
y = cross-shore coordinate directed positive offshore, m
K = sand transport rate coefficient, m*/N
D = wave energy dissipation per unit water volume, N-m/m?-sec
Deq = equilibrium wave energy dissipation per unit water volume, N-m/m?3-sec
£ = slope-related sand transport rate coefficient, m%/sec
h = still-water depth, m

Subscripts b, p, zand r stand for quantities evaluated at the break point (BP), plunge point (PP),

end of the surf zone and run-up limit, respectively. Equation of mass conservation is written as

a_oan
oy ot

The undistorted geometric scale used to construct model was 1:20 with respect to the

(2.12)

experiment. Froude similarity was used for the simulation of the wave motion, whereas the sediment
grain size has been imposed preserving in the model the value of settling velocity parameter'®. Four
cases of sand dredging N3D1, N3D2, N3D3 and N3D4 were simulated using SBEACH model in which
the dredged volume were similar to the four experimental cases E3D1, E3D2, E3D3, E3D4, respectively.
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Fig. 2.5 Definition sketch for four principal zones of cross-shore sand transport (BP: break point, PP:

plunge point)*.
Shoreline retreat and volume of sand dredging

In the experiments E3D1 to E3D4, the four different volumes of sand were dredged one-time
after 60 minutes of erosive wave generation. Change of beach profiles after sand dredging was shown
in Fig. 2.6. Just after dredging of sand bar, the sediment of the foreshore area is quickly transported
offshore causes shoreline retreat. The amount of the sediment was deposited at the place in which a new
bar was formed. After 300 minutes of wave generation, the position of the new bar of cases with sand
dredging E3D1 to E3D4 was shifted onshore compare with that of the case without sand dredging E1.
The shoreline retreat of cases E3D1 to E3D4 in 300 minutes after dredging is shown in Fig. 2.7. The
results show that immediately after dredging, sand was transported offshore, which caused an abrupt
retreat of the shoreline; however, the effect subsided after about 120 minutes in all the cases. As the
beach profile approaches equilibrium, dictated by the incident waves, the net cross-shore sediment
transport rate q decreases to zero at all points x along the profile. Thus, the shape of the transport rate
distribution varies with time. Sawaragi and Deguchi*” used an exponential decay to derive a time-
dependent transport relationship; however, since the shape of the transport rate distribution also varies
with time, a peak transport rate may not be the best indicator. The average absolute sediment transport
rate was used to indicate the measure of transport activity along the profile!®. The average absolute
sediment transport rate was calculated as

X

- — I|q|dx (2.13)
0 Xo

Qa

in which Q, is average absolute sediment transport rate (mm*mm/s), x; is the seaward limit of the

profile change (mm). In experiments E3D1-E3D4, after the sand dredging, the average absolute
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sediment transport rate quickly decayed in the first 120 minutes and then stabilized in the subsequent

last 180 minutes (Fig. 2.8).
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Fig. 2.6 Beach profiles of cases with different sand dredging volumes.
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Fig. 2.7 Shoreline retreat after dredging different volumes of sand.
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Fig. 2.8 Average absolute sediment transport rate of physical experiments.

The final shoreline retreats of the four cases after 300 minutes of wave generation in the
experiments and numerical simulation show the same trend (Fig. 2.9). After 300 minutes, the final
shoreline retreat increased with increasing sand dredging volume; however, the ratio between the final
shoreline retreat and the dredged volume was not constant and shows a decreasing trend as the volume
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increases. On the other hand, in the theoretical analysis, with small of sand dredged volume, the
relationship between final shoreline retreat and sand dredged volume is assumed linearity and followed

the Equation 2.7, i.e. the theoretical analysis underestimated the shoreline retreat with small dredged

volume.
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Fig. 2.9 Final shoreline retreat after near shore bar sand dredging (h*/B=2.2).
Shoreline Retreat with Different Methods and Times of Sand Dredging

The volume of dredged sand in these experiments E2D and E5D was very close to that of the
experiment E3D3. In the experiment E2D, the sand was periodically dredged at the sand bar every 60
minutes in erosive wave conditions, thus the speed of shoreline retreat was slower than that of one-time
sand dredging case E3D3 (Fig. 2.10b, ¢). The shoreline retreat gradually increased during 300 minutes
of wave generation (Fig. 2.11). In the experiment E5D, a berm was formed at the foreshore area in the
accretive wave conditions (Fig. 2.10a). Although, the sand dredging volumes are similar, the speed of
shoreline retreat of case E5D in the first 120 minutes after sand dredging is smaller than that of the case
E3D3 (Fig. 2.10b, c). The shoreline retreats gradually increased in the first 180 minutes and then
subsided in the subsequent 120 minutes. Despite the equal volumes of dredged sand, the process of
shoreline retreats in each experiment varied significantly. The speed of shoreline retreats of the
experiments E2D and E5D was slower than that of the experiment E3D3. However, the final shoreline
retreat was very similar (Fig. 2.12). Therefore, in order to reduce the speed of shoreline retreat, sand
dredging should be carried out in the calm wave season instead of storm wave season and used the

method of periodic sand dredging.
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Fig. 2.10 Beach profiles of cases with different methods and times of sand dredging.
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Fig. 2.11 Shoreline retreat with different methods and times of sand dredging.
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Fig. 2.12 Final shoreline retreat with different methods and times of sand dredging.
2.3 Position of Shoreline Change Caused by Near Shore Sand Dredging

To identify the location of accretion and erosion areas caused by nearshore sand dredging, three
cases of experiments were conducted in 3D wave basin considering the wave refraction and diffraction

processes at the nearshore zone. In addition, to evaluate the effect of the width of dredged hole to the
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magnitude of shoreline retreat, the geometry of dredged hole was altered by changing the width with

the same length of dredged hole.

The experiments were carried out in 3D wave basin that is 10 m long, 5 m wide, and 0.6 m deep
(Fig. 2.13). Table 2.2 showed the summary of the experimental conditions. The median grain size of
the sediment is 0.2 mm and the initial slope of the beach is 1:10 for all the cases. To create semi-
equilibrium profiles with a bar, regular erosive waves were generated with incident wave height H = 14
cm and wave period T = 1 s*¥. Wave was generated for 240 minutes to obtain a barred profile from the
initial beach slope, and then sand was dredged one-time. The geometry of dredged hole is b (m) in
length, a (m) in width and d (m) in depth. After the sand dredging, the same wave condition was

generated for 120 more minutes in all the cases.

Yo, Oy,
S Slop,

Fig. 2.13 Physical modelling for nearshore sand dredging in 3D wave basin (W: wave gauge No.).

Measurements of beach topography and wave height were repeated every 30 minutes in case
E1. Because the dredged hole in the nearshore zone was filled up very quickly after sand dredging, the
beach topography and wave height were measured at 10, 20, 30, 45, 60, 120 minutes after sand dredging
in the dredged cases E2D1, E2D2. The wave gauge W2 was placed on a trolley car to measure the wave
height distribution in the middle of the beach at 0.5-m interval (A-B line in Fig. 2.14). At each position,
the wave height was measured for 10 s before moving to the next position.
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Table 2.2 Experimental conditions in 3D wave basin.

Case No. Dredging method | Dredged hole ax b xd (m)| Dredged volume (m®)
El Without dredging - 0.00
E2D1 One-time 0.25x1.20x 0.15 0.02
E2D2 One-time 0.50 x 1.20 x 0.15 0.04

Note: geometry of dredged hole a: width (m), b: length (m), d: depth (m)

Fig. 2.14 shows the shoreline of all cases after 240 minutes of wave generation from initial
beach slope. In 3D wave basin, even in the same experimental conditions, it is very difficult to reproduce
the same shoreline for all cases after 240 minutes of wave generation from initial beach slope. Therefore,
the difference of shoreline changes between experiments with and without sand dredging is not
discussed in this study. The shoreline after 240 minutes of wave generation is considered as the zero
line in each case and the shoreline change is measured from this zero line. Fig. 2.15 and Fig. 2.16
showed the shoreline changes due to sand dredging in two experiments E2D1 and E2D2, respectively.
The magnitudes of shoreline retreat of the 2D experiments E3D2 and E3D4 indicated in Table 2.1 are
also shown in these figures to know the difference on shoreline change in 2D and 3D effects.

L 1 1 1 1 1 1 L 1
3_ -
g 2.5 -
t Dredged
& 21 hole -
=
g 1.54 N
(5]
O
Gt
o
= 14 b -
-;3 Initial shoreline
054 — — - Shoreline of case EI at 240mins |
— - — Shoreline of case E2D1 at 240mins )
0 Shoreline of case E2D2 at 240mins I
1 1 1 I 1 1 1 1 I
0 0.5 1 1.5 2 2.5 3 3.5 4 5

Length of beach slope X (m)

Fig. 2.14 Shoreline at 240mins of wave generation from initial beach.
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Fig. 2.15 Shoreline change of experiment E2D1 during 120 minutes after sand dredging.

When waves approach to the coast, the wave propagation direction may be changed by wave
refraction and diffraction. If wave refraction and wave diffraction are considered independently, the
wave refraction process causes the erosion at the lee of dredged hole flanked by two accretion areas
while wave diffraction process behaves the opposite way*®. In the experiments of sand dredging, wave
breaking positions in the line A-B are further onshore, whereas in the case without sand dredging E1, it
is further offshore (Fig. 2.17). The arrows in this figure show the direction of moving on/offshore of
wave breaking points after sand dredging. Thus in dredging cases, the wave breaking positions in the
dredged hole area move further onshore, while in both the sides of dredged hole it is stable or move
offshore. At the side slope of dredged hole, wave refraction occurs. Therefore, wave propagation
diverges away to both the sides (Fig. 2.18). The result is that the sediment at the lee of dredged hole
transported to both the sides causes the erosion and flanked by two accretion areas (Fig. 2.15 & Fig.
2.16). It can be said that, in the nearshore sand dredging, with the short wave periods the wave refraction
is a significant process to produce the shoreline pattern and the wave diffraction can be neglected.

By making a comparison of the magnitude of shoreline retreat of the cases E2D1 and E2D2,
although increasing the width of dredged hole, the magnitude in either case looks similar (Fig. 2.15 &

Fig. 2.16). This result is appropriate to the result of numerical modelling studied by Demir et al.*®.
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Fig. 2.16 Shoreline change of experiment E2D2 during 120 minutes after sand dredging.
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Fig. 2.17 Breaking wave height and location of wave breaking point in middle of beach slope (line A-
B in Fig. 2.14).
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Fig. 2.18 Sketch of wave refraction induced by nearshore bar sand dredging results in shoreline

change.
2.4 Infill Rate of Dredged Hole

In the experiments, the sand bar was located in the breaker zone, i.e. the most activation of
seabed zone. Any change of bathymetry in this area can cause significant change of hydrodynamic
conditions, thereby causing highly transport gradient, hence the profile. After the sand bar was dredged,
under the same wave conditions, a new bar was formed by sediment that transported from foreshore

area and located at new position.

The infill rate is calculated by dividing the filled volume of dredged hole by the dredged volume
at a certain time after sand dredging. The results of experiment E3D4 in 2D wave flume showed that
after sand dredging, the infill rate was very high in the first 15 minutes and gradually increases in last
105 minutes. However, dredged hole was not filled up (Fig. 2.19). On the other hand, in 3D wave basin
experiment E2D2 the dredged hole was filled 80% in the first 60 minutes and completely filled up after
120 minutes. In the experiment E2D2, at 120 minutes after sand dredging the amount of sand from the
lee of dredged hole is not sufficient to fill up the dredged hole (Fig. 2.20). Figure 2.21 shows that just
after sand dredging a large amount of sand transported from both sides of dredged hole and then
deposited in the dredged hole. In addition, by making a comparison of the magnitude of shoreline retreat
at the lee of dredged hole between the 2D wave flume and 3D wave basin experiments, it is shown that
the shoreline retreat in the 2D wave flume experiments is larger (Fig. 2.15 & Fig. 2.16). Thus the source

of infilled sediment of the dredged hole is not only transported from the area behind the hole but also
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from its both sides. It is clear to conclude that the dredged hole in nearshore zone is filled up very

rapidly after nearshore sand dredging.
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Fig. 2.19 Infill rate of dredged hole after sand dredging.
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Fig. 2.20 Cross-shore beach profile in the middle of dredged hole x = 1.585 m (case E2D2).
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Fig. 2.21 Longshore beach profile in the middle of dredged hole y = 2.75 m (case E2D2).

2.5 Discussions

The relationship between the shoreline retreat and sand dredged volume of the three analysis
methods: theoretical analysis, experimental analysis and numerical analysis were similar i.e. the
shoreline retreat increased as increasing the sand dredged volume. In the beach nourishment, Dean?®
showed that it is reasonable to assume that in the case of the grain size of nourished sediment is equal
to the native sediment, the advance profile after nourishment is similar to the original profile. Thus, the
shoreline advance is proportional to the sediment nourished volume. In nearshore sand dredging,
because a volume of sand was dredged, the sand from the foreshore was transported offshore formed a
new equilibrium beach profile. The shape of the equilibrium beach profile after sand dredging was
similar to the shape of the profile before sand dredging (Fig. 2.6e). However, the final equilibrium beach
profile was shifted onshore caused shoreline retreat. Therefore, the final of shoreline retreat was also
proportional to the sand dredged volume. The relationship between the shoreline retreat and sand

dredged volume was simply quantified by Equation 2.7.

Sand bar is located at breaker zone, i.e. in the most activation of seabed zone. Any change of
bathymetry in this area can cause significant change of hydrodynamic conditions within the nearshore
zone, thereby causing highly transport gradient and profile change'®. Whereas, the results of
experiments in 2D wave flume and 3D wave basin showed that in erosive waves, the sediment was
transported very quick offshore after sand dredging caused quick shoreline retreat, the sand dredging in
accretive waves and periodic sand dredging method can delay the speed of the shoreline retreat. These

results may play an important role for the next research of shore-face nourishment.
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McDougal et al.? studied the variation of diffraction coefficient in the lee of dredged hole by
changing the geometry of the dredged hole. The diffraction can be taken into account when a/L > 1, b/L
> 0.5, d/h = 3. In this study, the dredged holes in the case of physical experiment was located in the
nearshore zone, however, its depth and width are d/h < 1, a/L < 0.5. The results of experiment showed
that the wave diffraction process was less significant than refraction process in the dredged hole area.
Therefore, sand dredging in the nearshore zone caused erosion at the lee of dredged hole, flanked by

two accretion areas.
2.6 Conclusions

The shoreline retreat caused by nearshore sand dredging is quantified by a simple relationship
to the volume of sand dredging based on the equilibrium beach profile. According to the results of
experiment and numerical analysis, the theoretical quantity of shoreline retreat is slightly under

estimated. The shoreline retreat is almost proportional to the dredged volume.

One-time sand dredging at the nearshore zone under the erosive wave conditions caused quick
retreat of the shoreline. Thus infill rate of nearshore dredged hole is very high. Just 60 minutes after
sand dredging, 80% volume of dredged hole is filled. Although, the final magnitude of retreat of
shoreline under periodic sand dredging and dredging in the accretive wave conditions is similar to one-
time sand dredging, it can delay the process of shoreline retreat. This is a very important finding that is

used for the shore-face nourishment discussed in the next chapter.

The sand dredging in the nearshore zone caused severe shoreline erosion at the lee of dredged
hole and the vicinity areas. However, in order to make effective sediment management in coastal area,
sand is sometimes dredged at the nearshore zone in the deposited areas and then nourished to the eroded
areas. Under the global climate change and environmental problems, sediment management in terms of

nearshore sand dredging is important for shore protection.
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Chapter 3 Shore-face Nourishment

3.1 Introduction

The coastal zone often subjected to natural hazard phenomena such as storm, tsunami, flooding,
landslide/cliff collapse, beach erosion. There is a little room for doubt that the climate change causes
sea level rise and the frequency of tremendous storm surges. During the storm surge significant volume
of sediment in the foreshore is flushed offshore and the sand bar has been formed, i.e. storm attack
causes beach erosion and after the storm surge the shoreline moves landward. In the post-storm period,
the shoreline will be recovered because the sediment is transported onshore in calm or accretive wave
conditions (Fig. 3.1). However in some area, the shoreline recovers very slowly for some of reasons
such as sea level rise, intensity of storm increase, multiple erosion events that could exist within the
recovery period, reduction of supplied sediment to the littoral coast in some areas® ?®. Corbella and
Stretch? studied the post-storm shoreline recovery in east coast of Southern Africa and showed that
some locations had been recovered very quickly within the first 2 years, but in other locations it took 4-
5 years to recover. Morton et al. ¥ studied the post-storm beach response and classified it into four
categories as: (1) erosion and continuous loss of beach volume, (2) partial recovery and subsequent
erosion, (3) complete recovery and (4) continuous gains in beach volume that greatly exceeds the

volume eroded by the storm.

Coastline Close depth
Litoral zone
Shore/beach Shore-face————
<—Backshore—( Foreshore Inshore
F
or.edune ————— Storm profile
ridge
— Swell profile

Fig. 3.1 Accretive and erosive profile in littoral zone (mhw: mean high water level; mlw: mean low

water level).
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Duin et al.® studied the shoreline protection in Egmond, Netherland by the shore-face
nourishment. The sediment was taken from other littoral cells and nourished at the offshore side of the
outer bar. The shore-face nourishment functions as a reef that partially blocks the wave-driven
longshore current, and shoaling waves that generates onshore transport. A large volume of sediment is
needed for this project. In addition, the location of shore-face nourishment area is far from the shoreline.
The time period at which the sediment feeds the beach zone is in the order of 5-10 years. Therefore, the
shore-face nourishment had a minimal direct effect on the beach.

In this study, the artificial acceleration of onshore sediment transport rate was taken into
account by dredging sand at the offshore sand bar and nourished at the shore-face, i.e. shore-face
nourishment method to make quick recover of beach after storm. One of the advantage of this method
is the nourished sediment is dredged in the littoral cell and filled on the same littoral cell. A large volume

of nourished can be saved for shore protection.

To investigate the effectiveness and feasibility of the shore-face nourishment, the physical
experiments were conducted in 2D wave flume under regular and irregular waves. Two parameters,
shoreline recovery ratio and berm volume, are calculated for evaluation. The results showed that the
shoreline was quickly recovered in the case of shore-face nourishment, whereas those of without
nourishment was recovered very slowly. In addition, some factors that affect the acceleration of onshore
sediment transport rate after shore-face nourishment such as accretive wave conditions, position of

nourished area, nourished volumes, water levels, nourished methods are also discussed.
3.2 Shore-face Nourishment in Regular Waves

3.2.1 Effectiveness of Shore-face Nourishment on Beach Recovery

To validate the effectiveness of shore-face nourishment, twenty-two cases of physical
experiments were conducted in 2D wave flume as described in detail in Chapter Two (Fig. 3.2). The
conditions of the experiments are shown in Table 3.1. The median grain size of the sediment is 0.2 mm
and the initial slope of the beach is 1:10 for all the cases. The regular waves were generated by a piston
type wave generator. By generating the same erosive wave condition with incident wave height H =
0.14 m and wave period T = 1 s® for 60 minutes from the initial beach slope in every case, eroded
profile was formed with the bar at the breaker zone. Some amount of sand was dredged one-time at the
sand bar and then filled on the different positions of shore-face of beach profile. After moving the sand,
the erosive wave was shifted to the accretive wave condition H = 0.08 m and T = 1.5 s® and generated
for 120 more minutes in all the cases except for cases EO3S and E04S. In these cases, the sand was
dredged two-time with the same amount of volume at each time. In the first dredge time, sand was filled
on the shore-face, and then the accretive wave was generated for 30 minutes. Thereafter, the same
volume of sand was dredged and filled one more time and then accretive waves were generated for the

last 90 minutes. In some cases, the conditions of accretive wave, position of shore-face area, dredged
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and nourished volume, method of nourishment and water levels were also changed after shore-face
nourishment. During the 120 minutes of accretive wave generation, accreted profile was formed with

the berm at the shore area.

Wave Profiler Wave
generator
1
°I DI
=L
0.5m 0.4m
—=1 0.5m | 5m I 73m =—.7m=]
LEGEND

Sand grain size d50=0.22mm Sand dredging area
------- Initial slope profile B Shore-face

Profile after 60mins of erosive nourishment area

waves (eroded profile) Berm volume Vb
----- Profile after120mins of

accretive waves (final profile)

Fig. 3.2 Physical modelling of shore-face nourishment in 2D wave flume.

The beach profile was measured at 2-cm intervals by an optical bottom profiler placed on a
trolley car. Beach profile measurement was carried out at the initial beach slope, 60 minutes after erosive
wave generation, after sand dredging and shore-face nourishment, 30, 60, 120 minutes after accretive
wave generation consecutively. The wave height was measured along the 2D wave flume by the seven

wave gauges during the wave generation.

In order to evaluate the effectiveness of the shore-face nourishment on beach recovery, two
parameters i.e. shoreline recovery rate and berm volume were taken into account. The shoreline
recovery rate is defined as ratio of distance Ay, between the final recovered shoreline and the eroded
shoreline to distance Ay between the eroded shoreline and the initial shoreline. The berm volume V, is
defined as the difference between net onshore volume at the shore of the accreted profiles and initial
profile. Sediment transport rate is calculated from the mass conservation equation showed in Equation
3.1. The change of sediment transport rate based on the alteration of depth between two profiles. The
profile after shore-face nourishment is defined as the base profile for calculation of the sediment
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transport rate at a given time. The sediment transport rate was calculated at 30, 60, 120 minutes after

the shore-face nourishment.

Ah
a(y) = [ 9 31

in which q(y) is the sediment transport rate at position y (m*/m/h); y is the cross-shore coordinate (m)
(positive directed seaward), Ah is change of water depth between two beach profile (m), At is time

period after shore-face nourishment (hour).

Three pairs of experiments EO1S and E07S, E13S and E28S, E15S and E16S were conducted
in order to assess the applicability of the shore-face nourishment to the acceleration of the post-storm
recovery rate of beach. Each pair cases of the experiments were conducted with/without (W/WOQO) shore-
face nourishment, respectively. The same erosive/accretive wave conditions were generated for each
pair cases of experiment. However, three pair cases are different in accretive wave condition. In the left
hand side of Fig. 3.3, the profiles of the cases without shore-face nourishment were shown and the
profiles of the cases with shore-face nourishment were shown in the right hand side. In comparison of
each pair of experiments, after 120 minutes of accretive wave generation, in the cases without shore-
face nourishment, although a small volume of sediment of bar transports onshore, significant amount
of volume still remained at the bar, particularly in the case E01S. On the other hand, in the cases with

shore-face nourishment, most of nourished sediment was transported onshore.
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Table 3.1. Cases of physical modelling of shore-face nourishment in regular waves.

Case | Erosive wave | Post-storm | Nourished | Dredged Sand Shore-face | eroded/
No. (regular accretive area (m) |area(m)| dredging |nourishment |accreted
wave) wave (regular volume water
wave) (m*/m) level

Wave | Wave | Wave | Wave (m)

height | period | height | period

He | Te(s) | Ha | Ta(s)

(m) (m)
EO1S 0.040| 1.5 - - 0.0 None 0.4/0.4
E02S 0.080| 15 | 1.6-2.0 |22-2.75 0.014 Nourishment | 0.4/0.38
EO03S 0.080| 1.5 1.6-2.0 | 2.4-3.1 |0.015+0.015|Nourishment| 0.4/0.4
EO5S 0.080| 15 | 1.6-2.0 |22-2.75 0.014 Nourishment | 0.4/0.37
EO7S 0.040| 1.5 1.6-2.0 |2.2-2.85 0.02 Nourishment| 0.4/0.4
E08S 0.040| 2.0 | 1.6-2.0 |22-2.85 0.02 Nourishment| 0.4/0.4
E09S 0.060| 1.5 1.6-2.0 |2.2-2.85 0.02 Nourishment| 0.4/0.4
E10S 0.080| 15 | 1.6-2.0 |2.7-3.05 0.008 Nourishment| 0.4/0.4
E11S 0.080| 1.5 1.6-2.0 |2.2-2.75 0.014 Nourishment| 0.4/0.4
E12S 0.080| 15 | 1.6-20 | 24-31 0.03 Nourishment| 0.4/0.4
E13s| 014 10 o080 15 : : 0.00 None | 0.4/0.4
E15S 0.100| 1.5 - - 0.00 None 0.4/0.4
E16S 0.100| 1.5 1.6-2.0 |2.2-2.85 0.02 Nourishment| 0.4/0.4
E17S 0.085| 1.0 | 1.6-2.0 |22-2.85 0.02 Nourishment| 0.4/0.4
E18S 0.060| 1.0 1.6-2.0 |2.2-2.85 0.02 Nourishment| 0.4/0.4
E19S 0.095| 20 | 1.6-2.0 |22-2.85 0.02 Nourishment| 0.4/0.4
E25S 0.080| 1.5 1.3-1.7 |2.2-2.85 0.02 Nourishment| 0.4/0.4
E26S 0.080| 15 | 1.4-1.8 |2.2-2.85 0.02 Nourishment| 0.4/0.4
E27S 0.080| 1.5 15-1.9 |2.2-2.85 0.02 Nourishment| 0.4/0.4
E28S 0.080| 15 | 1.6-2.0 |22-2.85 0.02 Nourishment| 0.4/0.4
E29S 0.080| 1.5 1.7-2.1 |2.2-2.85 0.02 Nourishment| 0.4/0.4
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The post-storm shoreline recovery and berm volume of three pair cases of experiments were
shown in Fig. 3.4 and Fig. 3.5, respectively. The differences of accretive wave conditions of these pairs
gave the different results of the shoreline recovery and the berm volume. These differences will be
discussed in section 3.2.2.2 of this chapter. In this section, the differences of shoreline recovery and
berm volume of each pair with and without shore-face nourishment were discussed. Some of discussion

points were elaborated as follows.

First, it is clear that post-storm shoreline recovery and berm volume of the cases with shore-
face nourishment is higher than those of the cases without shore-face nourishment under the same
accretive wave condition. In the cases without shore-face nourishment E15S & E13S, the sediment of
the bar was transported onshore and deposited at trough of the profile in the first 30 minutes of accretive
wave generation (Fig. 3.6a, b). In the case E01S, a small volume of sediment at the bar was transported
to the trough (Fig. 3.6¢). In these cases, the volume of sediment that was deposited on the backshore
during 30 minutes after accretive wave generation was transported from the foreshore. The sediment
that was trapped at the trough cannot be transported much onshore thus, the sediment transport rate
significantly decreases in the last 90 minutes (Fig. 3.7 and Fig. 3.8). On the other hand, in the cases
with shore-face nourishment, a volume of sediment was dredged at the bar and nourished on the shore-
face, over the trough. Most of the volume of nourished sediment was transported onshore and deposited
on the backshore during 120 minutes of accretive wave generation. Therefore, the increment of
shoreline recovery and berm volume may result. It is reasonable to say that the shore-face nourishment

can be considered as effective method for accelerating the rate of shoreline recovery after storm.
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Fig. 3.4 Post-storm shoreline recovery of cases with/without (W/WQ) shore-face nourishment.
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Fig. 3.5 Post-storm berm volume of cases with/without (W/WQO) shore-face nourishment.

Second, in the cases without shore-face nourishment, the post-storm shoreline recovery rate
and berm volume rapidly increases in the first 30 minutes of accretive wave generation and then stabilize
or slightly decreases, except for case EO1S (Fig. 3.4 and Fig. 3.5). The sediment transport rate of these
cases was comparatively high just a short period after storm and then quick decreased (Fig. 3.6, Fig. 3.7
and Fig. 3.8). Morton et al.” studied the recovery of post-storm shoreline in southeastern Texas, the
United State of America and showed that 40% eroded shoreline was recovered in the first year post
storm and the rate of recovery quickly decreases in the next years. This is similarity with the results of

most of the cases of physical experiments with/without shore-face nourishment.
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3.2.2 Beach Recovery Rate under Different Shore-face Nourishment Conditions

In this section, several important conditions that can affect the acceleration of shoreline
recovery rate were taken into account such as shore-face nourishment position, post-storm accretive
wave condition, nourishment volume of sediment, post-storm water level and nourishment method. The
effects of these conditions were investigated by the physical experiments. The similar storm wave
conditions i.e. wave height H = 14 cm; wave period T = 1 s were used for generating the erosive profile.
Thereafter, these conditions were changed before generating the accretive waves. The results and

discussions were shown in the following.

3.2.2.1 Shore-face Nourishment Position

To evaluate the effects of shore-face nourishment positions on the rate of post-storm beach
recovery five cases of experiment E25S, E26S, E27S, E28S and E29S were conducted. The
experimental conditions were shown in Table 3.1. First, the constant volume of sediment was dredged
at the sand bar and nourished at several locations on the shore-face of the beach with different distance
dsn from the initial shoreline. The distances dg, for five cases of experiment E25S, E26S, E27S, E28S
and E29S were 1.3, 1.4, 1.5, 1.6 and 1.7 m, respectively. The most effective position was the case that
gives the results of the highest shoreline recovery rate and the largest berm volume. The beach profiles
and wave height distribution just after nourishment and final accreted beach profiles of the five cases
were shown in Fig. 3.9. Just after the shore-face nourishment, the wave breaking points of all cases
located on the nourished area (Fig. 3.9a). After 120 minutes of accretive wave generation, beach profiles
of all cases were nearly similar and wave breaking points in all the cases located at the similar position
(Fig. 3.9b).
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Fig. 3.9 Cross-shore profiles and wave height distribution of shore-face nourishment cases in different

nourished positions dg,.

The difference of shore-face nourishment positions gives the different results of on/offshore
sediment transport rate along the profile (Fig. 3.10). Surprisingly, Fig. 3.10a shows that the cases E25S
and E29S in which the nourished positions were the closest and furthest from the shoreline, respectively,
the sediment transport rates along the profile, however, were smaller than those in the other cases.
Onshore sediment transport rates of cases E26S, E27S and E28S were comparatively high, particularly
at the backshore area. Therefore, the berm volume and the shoreline recovery rate of these cases were
higher than those of the cases E25S and E29S after 120 minutes of accretive wave generation (Fig. 3.11
and Fig. 3.12).
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Figure 3.13 showed the change of topography after shore-face nourishment around the
nourished area during the first 30 minutes of accretive wave generation, where the profiles were
detected from the photographs. The nourished sediment of the cases E25S and E26S transported onshore
rapidly after accretive wave generation caused quick advance of the shoreline. As a result, a scouring
hole behind the breaking point was formed earlier than the other cases. Once the scouring hole was
formed, whereas the suspended load behind the wave breaking point tends to move offshore, the bed
load and sheet flow move onshore (Fig. 3.14). Small bar was formed as most of the sediment volume
of this bar was transported from the foreshore because of the significant suspended load. Thus, once the
scouring hole has been formed, the sediment was transported offshore. In the first 5 minutes of accretive
wave generation, the topography at the nourished area of the case E29S was changed very slowly. The
top of nourished area was deep below the water surface; thus the wave was not broken on the nourished
area but on its behind. The scouring hole was also formed rapidly within next 5 minutes. At the
beginning of accretive wave generation, the sediment at the foreshore area of the cases E27S and E28S
transports further offshore and deposited in front of the nourished area. This volume of sediment and
nourished sediment slower the formation of scouring hole. The slower formation of scouring hole, the
sediment sheet flow and bed load were dominant. Thus the more sediment was transported onshore (Fig.

3.10a). The high rate of shoreline recovery and the large berm volume of these cases may result.

The wave breaking position and water depth of nourished area were important factors in the
determination of the most effective positions for shore-face nourishment. In the cases E25S and E26S,
the nourished areas were located at the wave breaking position (Fig. 3.9). In the case E29S, as the depth
of nourished area was too deep, the accretive wave did not activate much on the nourished sediment
once the scouring hole has not been formed. Therefore, the proper positions of nourished area are
located offshore side of wave breaking point as it is shallow enough for activation by the accretive wave

on the nourished sediment.
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The post-storm berm volumes at 120 minutes of accretive wave generation of cases E26S, E27S
and E28S are more or less similar (Fig. 3.11). The post-storm shoreline recovery rate of case E27S and
E28S was almost the same and higher than those of case E26S during the accretive wave generation
(Fig. 3.12). Thus the most effective positions of shore-face nourishment area in the experimental
conditions were the distance ds,=1.5-1.6 m. The distance d,,=1.6 m of case E28S was selected for the

other experimental cases.

3.2.2.2 Post-storm Accretive Wave Condition

In accretive wave condition, the nourished sediment was transported onshore. Thus the most
important factor that directly affects the effectiveness of shore-face nourishment on the post-storm
beach recovery was accretive wave condition acting after storm. The effects of accretive wave condition
on the shoreline recovery were evaluated by conducting five cases of experiments E08S, EO7S, E09S,
E28S and E16S. The conditions of experiment were shown in Table 3.1. The steepness of accretive
wave H,/L, was increased from 0.0064-0.0285. Fig. 3.15 and Fig. 3.16 showed that during the first 30
minutes of accretive wave generation in the cases of high steepness of the accretive wave, E28S and
E09S, a part of volume of nourished sediment was transported to the foreshore area and the other part
was transported back offshore and deposited at dredged area. On the other hand, in the cases of low
steepness accretive wave, E08S, E07S and E09S, most volume of nourished sediment was transported
to the foreshore area. Whereas, in the first 30 minutes of accretive wave generation of the case E28S a
significant volume of nourished sediment transported to this foreshore area, however, during the last 90
minutes, a part of the volume transported offshore. In the cases of low steepness accretive wave, the

sediment was continuously transported onshore.
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The results of post-storm shoreline recovery show that the higher steepness of accretive wave
caused low shoreline recovery rate (Fig. 3.17). In the cases with low accretive wave steepness, the
shoreline quickly recovered within the first 30 minutes of accretive wave generation and then nearly
stabilized during the last 90 minutes. After the first 30 minutes of high rate recovery in the case E28S,
the shoreline recovery rate slightly decreased. In comparison with the previous cases, with the highest
steepness of accretive wave, the shoreline of the case E16S slightly recovered in the first 60 minutes
and then quickly retreated. In addition, after 120 minutes of accretive wave generation, the shoreline of
this case was rather retreated than that of before shore-face nourishment.
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Fig. 3.17 Shoreline recovery of shore-face nourishment cases in different accretive wave conditions.

In another aspect of consideration, the berm volume that gains after shore-face nourishment
also evaluates an impact. Logically, the shoreline recovery is surely related to the berm volume.
Therefore, after 120 minutes of accretive wave generation of all cases, the berm volume decreased as
the steepness of accretive wave increased (Fig. 3.18). In the case E28S, the berm volume increased very
quick at the first 30 minutes of accretive wave generation. However, it decreased rapidly in the next 90
minutes. The accretive wave condition of the case E28S can be considered as a critical accretive wave
condition for shore-face nourishment. It can be said that the lower steepness of accretive wave yields
the higher beach recovery rate.

As accretive wave condition directly relates to the applicability of shore-face nourishment
method, it could be identified as the most important factor among others. In this section, the

classification of applicable and inapplicable accretive wave conditions in the shore-face nourishment
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was also discussed. The final percentage of shoreline recovery rate of experimental results were

classified into three categories i.e. the shoreline recovery percentage less than 0%, from 0-100%, and

more than 100%. The relationship between the percentage of shoreline recovery and the accretive wave

steepness as well as the grainsize of sediment i.e. settling velocity (w) of sediment were plotted on Fig.

3.19.
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Fig. 3.18 Post-storm berm volume of shore-face nourishment cases in different accretive wave

conditions.
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3.2.2.3 Shore-face Nourished Volume of Sediment

One of the important factors that affects the effectiveness of the artificial acceleration of post-
storm beach recovery rate was the nourished volume of sediment. As discussed in the section 3.2.1, the
significant volume of sand at bar could not be transported onshore after 120 minutes of accretive wave
generation in the cases without shore-face nourishment. The beach recovery rate can be artificially
accelerated by shore-face nourishment, the sediment at the bar was dredged and nourished on the shore-
face area. Thus, it is important to find out how much of the nourished volume is sufficient for the
complete beach recovery. The selection of the sufficient nourished volume was investigated by
conducting five cases of physical experiments in 2D wave flume: E13S, E10S, E11S, E28S and E12S.
The conditions of experiment were shown in Table 3.1. The results showed that the more volume of
nourished sediment, the more increment of sediment transport from the nourished area to the foreshore
area (Fig. 3.20 and Fig. 3.21).
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Fig. 3.20 Beach profiles of shore-face nourishment cases in different nourished volumes.
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Fig. 3.21 Cross-shore sediment transport rate of shore-face nourishment cases in different nourished

volumes.
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With insufficient volume of nourished sediment, the percentage of post-storm beach recovery
of the case E10S was insignificant (Fig. 3.22). The final shoreline recovery of this case was less than
about 30%, whereas in the case E12S, with the sufficient nourished volume, the shoreline recovery
percentage was more than 100%. The increment of nourished sand volume increased the percentage
shoreline recovery and the relationship between them seems to be linear (Fig. 3.23). However, the
relationship between the berm volume and the nourished sand volume was not linear. As the nourished
sand volume increased over 0.014 m*/m, the berm volume dramatically increases (Fig. 3.24). Therefore,
in the experimental conditions the sufficient nourished sand volume should be over 0.014 m*/m. The
proper selection of dredged and nourished volume was the key for successful application of the shore-
face nourishment method. The proper selection of dredged and nourished volume can be done by

analyzing the theory of equilibrium beach profile and field data of beach profile after storm.
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Fig. 3.22 Post-storm shoreline recovery of shore-face nourishment cases in different nourishment

volumes.
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3.2.2.4 Water Level after Storm

In this section, the impact of water level was discussed on the effectiveness of shore-face
nourishment. Three experimental cases E05S, E02S and E11S were conducted with different water
levels in the time of accretive wave generation. All cases were subjected to the same storm and accretive
waves condition. During 60 minutes of erosive wave generation, the water level was kept at 0.4 m in
all cases. After shore-face nourishment, the water levels of each case were changed and the accretive

waves are generated for 120 minutes (Table 3.1).

In the cases E02S and E11S, the nourished sediment was transported further onshore in the
foreshore area (Fig. 3.25). At the first 30 minutes of accretive wave generation, the onshore sediment
transport rate of the high water level cases E02S and E11S was higher than that of the low water level
case EO05 (Fig. 3.26). However, in the next 30 minutes, whereas, the onshore sediment transport rate of
the case E02S significantly decreased and in the case E11S sediment tends to transport offshore, the
onshore sediment transport of case E05 gradually increased. The scouring holes of the higher water
level cases i.e. the cases E02S and E11S were formed rapidly after nourishment (Fig. 3.25). As
discussed in section 3.2.2.1, once the scouring hole was formed, the onshore sediment transport rate

will be decreased and the offshore sediment transport was predominant.
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Fig. 3.25 Beach profiles of shore-face nourishment cases in different water levels after shore-face

nourishment.
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Fig. 3.26 Cross-shore sediment transport rate of shore-face nourishment cases in different water levels
after storm.
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The post-storm shoreline recovery rates in the cases E05S and E02S with lower water level
were similar and higher than that of the high water level case E11S (Fig. 3.27). Despite the fact that the
berm volumes of the cases E02S and E11S were larger than those of the lowest water level case E05S
in the first 60 minutes of accretive wave generation. Whereas, in the last 30 minutes of accretive wave
conditions, the berm volume of the case EO5S increased, those of the other cases decreases (Fig. 3.28).
The lower water level cases showed the higher rate of beach recovery and larger berm volume.
Furthermore, after storm the water level decreased rapidly. Therefore, there is a little room for doubt
that the beach recovery rate can be increased by the shore-face nourishment.

225 1

200 —

Percent recovery Ay,/Ay (%)

147/, —@— (Case E05S-Water level 0.40/0.37 m

254§/ e Case E02S-Water level 0.40/0.38 m

--#-- Case E11S-Water level 0.40/0.40 m

0 e
0 30 60 90 120 150

Time (mins)

Fig. 3.27 Post-storm shoreline recovery of shore-face nourishment cases in different water levels after

storm.
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Fig. 3.28 Post-storm berm volume of shore-face nourishment cases in different water levels.

3.2.2.5 Method of Shore-face Nourishment

In this section, schedule of sand dredging and shore-face nourishment was discussed. There are
two methods that a volume of sand was dredged one-time or two-times, thereafter nourished it on the
shore-face. One-time shore-face nourishment was similar to the conditions of the cases that were
described in previous sections, i.e. after 60 minutes of erosive wave generation, a volume of sand was
dredged one-time at the sand bar and nourished on the shore-face then the accretive wave was generated
for 120 minutes. In the two-time shore-face nourishment, a half of determined volume of sand was
dredged at the sand bar and nourished on the shore-face after 60 minutes of erosive wave generation.
Thereafter, accretive waves were generated for 30 minutes, and another half volume of sand was
dredged again at the sand bar and nourished on the shore-face. Finally, the same accretive wave was

generated in the last 90 minutes.

A pair of experimental cases E12S and E03S were conducted in the 2D wave flume with the
same erosive wave and accretive wave conditions (Table 3.1). The total nourished volumes were 0.03
m*/m. The results of post-storm shoreline recovery rate and berm volume of each test condition were
compared. The post-storm profiles at 120 minutes in all the cases appear similar (Fig. 3.29). Fig. 3.30
showed that in the case with one-time nourishment, the onshore sediment transport rate was higher than
that of the case of two-time nourishment during the first 30 minutes of accretive wave generation.
Whereas, in the next 30 minutes of accretive wave generation, the onshore sediment transport rate of
one-time nourishment was decreased and the sediment at the foreshore tends to move offshore, the
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onshore sediment transport rate of the two-times nourished method was continuously increased. During

the last 60 minutes of accretive wave generation, the sediment transport rates of all cases were stable.
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Fig. 3.29 Beach profiles of shore-face nourishment cases in different nourishment methods.
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The post-storm shoreline of one-time nourishment method was quickly recovered due to the
big volume of nourished sediment during the first 30 minutes of accretive wave generation, however in
the last 60 minutes, it gradually decreased (Fig. 3.31). In the two-time nourishment method, the
shoreline was still recovered after the second nourishment by 30 more minutes and then gradually
retreated in the last 60 minutes. The maximum of shoreline recovery of both cases appears similar. The
post-storm berm volume of the experimental results showed the same trend as the shoreline recovery
(Fig. 3.32). Therefore, it is clear that the two-time shore-face nourishment was not showed the
significantly effective on the increment of the acceleration of beach recovery rate.
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Fig. 3.31 Post-storm shoreline recovery of shore-face nourishment cases in different nourishment
methods.
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Fig. 3.32 Post-storm berm volume of shore-face nourishment cases in different nourishment methods.

3.3 Shore-face Nourishment in Irregular Waves

In the actual field, water waves were generated by different forces like natural wind, tide,
seismic etc. in conjunction with gravity effect. Thus, the waves are irregular in wave heights and periods.
However, in the sections 3.2, the regular waves were used for all the cases of experiments. The results
showed that the shore-face nourishment can be applied for artificial acceleration of post-storm beach
recovery in regular wave conditions. In this section, the applicability of shore-face nourishment in
irregular wave conditions was focused by conducting some experiments in 2D wave flume. Similar
evaluated parameters i.e. shoreline recovery rate and berm volume were used for assessment. In addition,

the different results between shore-face nourishment in regular and irregular waves were also discussed.

3.3.1 Effect of Shore-Face Nourishment on Beach Recovery in Irregular Waves

Four additional experiments were conducted in 2D wave flume to validate the applicability of
shore-face nourishment on the artificial acceleration of the shoreline recovery rate in irregular wave
conditions. Experimental conditions were presented in Table 3.2 . Conditions of irregular accretive
wave of cases E21S, E22S and E23S were adjusted equivalently in wave energy with the regular wave
cases EO07S, E09S and E28S, respectively. Irregular waves having a Bretschneider-Mitsuyasu

spectrum? 19, The spectra were approximated by the following formula

S(f)=0.257THT*f ex;{—&] (3.2)

(TS f )4
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in which Hg is significant wave height (m), T, is significant wave period (s), f is frequency (Hz).

The regular erosive waves were generated for 60 minutes with wave height H = 0.14 m and
wave period T = 1 s¥ to obtain an barred type beach profile from the initial slope. A volume of sand
was dredged at the sand bar and then nourished on the same place of shore-face in all the cases.
Thereafter, wave was shifted to irregular accretive wave condition and generated for 120 minutes. The
beach profiles were measured by bottom profiler at the beginning, and after 60 minutes of the erosive
waves, after shore-face nourishment and after 30, 60, 120 minutes of accretive wave generation

consecutively.

Table 3.2 Cases of physical modelling of shore-face nourishment in irregular waves.

Case | Erosive wave | Post-storm accretive |Nourished|Dredged| Sand Shore-face | Storm/
No. | (regular wave) | wave (irregular wave) | area (m) |area (m) | dredging/ | nourishment | swell
o o nourished water
Wave | Wave |Significant | Significant
] ) volume level
height | period | wave wave
: . (m°/m) (m)
He (M)| Te(s) | height Hs | period T
(m) ()
E21S 0.060 15 1.6-2.0 |2.2-2.85| 0.02 |Nourishment|0.4/0.4
E22S 0140 | 1.0 0.085 15 1.6-2.0 |2.2-2.85| 0.02 |Nourishment|0.4/0.4
E23S 0.113 15 1.6-2.0 |2.2-2.85| 0.02 |Nourishment|0.4/0.4
E24S 0.085 15 - - - None 0.4/0.4
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Fig. 3.33 Beach profiles of shore-face nourishment cases in different irregular wave after with/without

(W/WO) shore-face nourishment.

Fig. 3.33 and Fig. 3.34 showed the beach profiles and sediment transport rate after shore-face
nourishment, respectively. Similar to the results of the cases without shore-face nourishment in regular
waves, a volume of sediment at the offshore bar was transported onshore in the case E24S without
shore-face nourishment, however, most of them deposited at trough of the beach profile after storm (Fig.
3.34). Most of sediment that was transported to the foreshore was from the area near the shoreline.
Therefore, the shoreline recovery in this case was very low during the first 30 minutes of accretive wave
generation (Fig. 3.35). In addition, during last 90 minutes of accretive wave generation, the shoreline

was further retreated. Whereas, in equivalent wave energy with the case E24S, the shoreline of the case
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E22S was quickly recovered in the first 30 minutes and slightly retreated in the last 90 minutes of

accretive wave generation.

As the wave steepness of irregular accretive wave increased, sediment transported further
onshore at foreshore area (Fig. 3.33). The case with the highest steepness wave E23S, during the first
30 minutes of accretive wave generation, the sediment rapidly transported onshore, however, during the
last 90 minutes it is transported offshore (Fig. 3.34). During the last 90 minutes of accretive wave
generation, shoreline was retreated even more than before shore-face nourishment (Fig. 3.35).
Regarding the cases with low steepness waves E21S and E22S, during the first 30 minutes of accretive
wave generation, shoreline was quickly recovered then in the last 90 minutes it was slightly decreased.

As it was observed the shoreline recovery decreases when the wave steepness increases.

The berm was formed during the accretive wave generation in all cases. With the time of the
accretive wave generation, the berm volume was more and more increased, particularly during the first
30 minutes (Fig. 3.36). In the case E24S, the berm volume increased without shore-face nourishment,
the amount of sediment, however, was smaller than the cases E22S with shore-face nourishment under
the same irregular accretive wave conditions. After 120 minutes of the accretive wave generation, it
was observed that the accretive wave steepness and the berm volume were inversely proportional. In
addition, it could be mentioned from the observation that the berm volume continuously increased i.e.

the sediment was ceaselessly transported onshore.

These results of the shoreline recovery and the berm volume in irregular wave conditions
showed the similar trend to the results of experiments in the regular wave conditions. It could be shown
that the beach was recovered quickly by the shore-face nourishment in irregular accretive wave

conditions.
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Fig. 3.34 Cross-shore sediment transport rate of shore-face nourishment cases in different irregular

wave conditions.
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Fig. 3.35 Post-storm shoreline recovery of shore-face nourishment cases in different irregular wave
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Fig. 3.36 Post-storm berm volume of with/without (W/WO) shore-face nourishment cases in different

irregular wave conditions.
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3.3.2 The Differences of Shore-face Nourishment in Regular and Irregular Waves

The differences of shore-face nourishment under regular and irregular waves were discussed
by the results of three pairs of cases of experiments EO7S and E21S, E09S and E22S, E28S and E23S.

Wave conditions i.e. significant wave height of irregular waves and wave height of regular waves were

set up equivalently in wave energy for the each pair of experimental cases (Table 3.3).

Table 3.3 Cases of physical modelling of shore-face nourishment in regular and irregular

accretive waves.

Case Erosive wave Post-storm accretive | Wave energy of | Regular/irregular
No. wave post-storm wave condition
accretive wave (R1)
Wave Wave Wave Wave
. . . . (N-m/m?)
height (m) | period (s) | height (m) | period (s)
EQ7S 0.040 1.5 2.00 R
E21S 0.057 1.5 2.03 I
E09S 0.140 10 0.060 1.5 4.50 R
E22S 0.085 1.5 4.56 I
E28S 0.080 1.5 8.00 R
E23S 0.113 1.5 8.06 I
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Fig. 3.37 Beach profiles of shore-face nourishment cases in different regular/irregular waves after

shore-face nourishment.
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The beach profiles in regular and irregular waves were shown in left and right hand side of Fig.
3.37, respectively. In the irregular waves, the sediment was transported further onshore and the beach
profiles were smooth. In the wave train of irregular waves, there were low waves with long periods as
well as high waves with short periods (Fig. 3.38). The low waves with long periods flushed the
nourished sediment further onshore, thus the berms in the irregular wave cases were formed and located
further onshore than those in the regular wave cases. For instance, whereas, the berm after 120 minutes
of accretive wave generation in the case EO7S was located around 0.7-1.2 m, in the case E21S, it was
located around 0.4-1.0 m. On the other hand, the high waves with short period of irregular wave train
dragged the nourished sediment offshore. In the regular waves, there were only single accretive waves,
thus the nourished sediment was always flushed onshore. Therefore, with the equivalent wave energy,
the shoreline recovery rate as well as berm volume in regular waves were always higher than those in

irregular waves (Fig. 3.39 and Fig. 3.40).

It can be said that in the irregular waves, the post-storm shoreline recovery rate and berm
volume were smaller than those in the regular waves cases, however, in comparative analysis between
the cases with and without shore-face nourishment, the post-storm shoreline recovery rate and berm
volume were comparative high in the case with shore-face nourishment. Therefore, the combination of
nearshore sand dredging and shore-face nourishment can effectively accelerate the post-storm beach

recovery rate.
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Fig. 3.38 Wave spectrum of irregular waves at wave gauge No. 3.
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Fig. 3.40 Post-storm shoreline recovery of shore-face nourishment cases in different regular/irregular

wave conditions.
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3.4 Discussions

The results of shore-face nourishment in regular and irregular waves showed the effectiveness
of shore-face nourishment method on accelerate post-storm beach recovery, hence the shore protection.
The beach recovery was proportional to the nourished volume of sediment. In the case E10S, the small
nourished volume was not enough for the completed recovery. On the other hand, in the case of large
nourished volume E28S and E12, at 30 minutes after nourishment, a large volume of nourished sediment
was transported onshore, thereafter a part of that volume was transported offshore (Fig. 3.20). In these
cases, the volume of nourished sand was more than enough for shore-face nourishment. Therefore, a
sufficient volume should be calculated for the shore-face nourishment. The sufficient volume can be
assumed base on the equilibrium beach profile of the area in calm wave season and the volume of eroded

sediment caused by storm.

The accretive wave conditions played as the most important role for the applicability of shore-
face nourishment. The less wave steepness of the accretive waves, the higher applicability of the method
(Fig. 3.17). The condition of accretive regular waves shows effectiveness of shore-face nourishment
was follow the criterion of Larson and Kraus® (Fig. 3.19). In the application criterion of regular

accretive waves for the shore-face nourishment, the grain size of sediment was also taken into account.

Because of the global warming, the frequency of tremendous storms has been increased®?, thus
in some coasts, the shoreline is continuously retreated during the recovery period. In some worst cases,
the shoreline may never recover. Therefore, the quick recovery was the important key of the shore-face
nourishment. As discussed in Chapter Two, the sand dredging in accretive waves and periodic sand
dredging method can delay the speed of the shoreline retreat. In this chapter, the results of the periodic
sand dredging and shore-face nourishing of the case E03S showed insignificant effectiveness. The
experiment results of the shore-face nourishment showed that in the low water level i.e. after storm, the
effectiveness of shore-face nourishment increased. Therefore, in order to reduce the negative effects of
the sand dredging and improve the effectiveness of shore-face nourishment method, the shore-face
nourishment should be carried out in calm wave season. Furthermore, the dredged sand should be

immediately nourished on the shore-face of the beach after sand dredging.

Duin et. al” studied the effectiveness of shore-face nourishment on shore protection. In their
study, the function of shore-face nourishment was as a reef in which dissipating energy of storm waves.
Because the sediment was nourished at a place between the inner bar and outer bar in which far from
the shoreline, thus the nourished sediment insignificantly transported to the foreshore area. In addition,
in this project, a huge additional volume of nourished sediment was needed. The results of this study
showed that the shore-face nourishment can protect the shore without using additional volume of
nourished sediment by dredging sand at the sand bar and nourishing it on the shore-face.
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3.5 Conclusions

During the storm the sediment is dragged offshore which causes the beach erosion. After the
storm, the eroded sediment is transported back onshore and the shoreline will be gradually recovered.
Because of the global climate change, with the increase in frequency of tremendous storm and
successive storm, and sea water level rise, the shoreline recovers very slowly, even it cannot be
recovered. By dredging some amount of sediment that was eroded away from the shoreline by storm
and nourishing it on the shore-face areas, the post-storm beach may be recovered quickly. This idea was
validated by number of physical experiments. This method was name the shore-face nourishment and

its effectiveness and applicability on accelerating the post-storm beach recovery was confirmed.

By dredging sand from the offshore bar and filled it on the shore-face, without adding volume
of sand i.e. the combination of nearshore sand dredging and shore-face nourishment may change the
concept of the “nourishment” term. “Nourishment” used here means recovering the shoreline by the
sediment of the littoral cell itself. In addition, the shore-face nourishment can save a huge amount of
additional nourished sediment and does not use any structure. The shore-face nourishment can be

considered as nature-friendly shore protection method under the global climate change.

Post-storm wave condition i.e. accretive wave condition is the most important factor that
directly influences the applicability of the shore-face nourishment method. In some accretive wave
conditions, effectiveness of the shore-face nourishment method is insignificant. The other factors are
dominant parameters in the post-storm beach recovery, for instances, volume of nourished sand, sea
water level and position of nourishment area. In the field, the shore-face nourishment may be influenced
by sea level, tide, longshore current etc. Therefore, field conditions should be well investigated before

implementations of shore-face nourishment.

To enhance effectiveness of the shore-face nourishment, sediment should be dredged with
sufficient volume, and nourished immediately on the shore-face of the beach. In addition, regarding the
equilibrium beach profile, sediment grain size and the volume of eroded sediment caused by storm in
the study area, the sufficient volume can be calculated.
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Chapter 4 Perched Beach Nourishment

4.1 Introduction

Beach nourishment is an effective method for coastal protection that has been applied
commonly all over the world. The source of replenishing materials is becoming more and more
exhausted and costly; therefore, the reduction of the amount of replenishing materials is a solution of
reducing the cost of beach nourishment projects. Perched beach nourishment is an appropriate solution
for this issue. In Japan and the United States of America, the method of perched beaches is considered
as a new phase in coastal defense systems. With the perched beaches, the coastal defense system is

strengthened and the beach is widened. This gives opportunities for restoration and preservation®.

There were of studies on the responses of perched beach profile by conducting physical
experiments in irregular waves?® % and regular waves®. The results of these studies are very practical
in the design of perched beach nourishment. However, in these studies, the experiments were separately
conducted in regular and irregular waves. Therefore, these experiments showed different results of
responses of perched beach. In addition, Chatham® studied the responses of perched beach profile by
conducting physical experiments in regular storm waves. The regular storm waves were generated for
3 to 12 hours continuously until the perched beach profile had reached an equilibrium condition.
Sorensen and Beil? conducted experiments to investigate the responses of perched beach profile under
42 hours of irregular storm waves generation. The results of scour depth and the volume loss of the
perched beach of these two studies are comparatively high. In real time scale, storm attacked the beach
for several hours. Thus, the time scale of experiment in these two researches was not realistic time scale.
This research addresses the gaps between experiment and real time scale of storm waves attack on
perched beach.

The purpose of this study is to identify the effectiveness of perched beach nourishment on shore
protection in storm waves by conducting physical experiments in the 2D wave flume. The scour depth
and volume loss were taken into account for evaluation. The different responses obtained in regular and
irregular wave experiments were discussed in term of equivalent wave height and wave energy. First,
in the equivalent wave height and wave period, the results showed that the profiles caused by regular
storm waves yield much more deformation and volume loss than those by irregular waves. In addition,
even in the cases where the perched beaches in regular waves showed eroded profiles, irregular waves

yielded accreted profiles.

As the energy of the regular waves was set equally to that of the irregular waves, the responses
of perched beach profiles in regular and irregular waves were similar except for the scour depth. Larson
and Kraus” studied the responses of beach profile in regular waves and classified the beach profiles

based on the wave conditions and sediment grain size. In this study, the classification of a perched beach
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profile in irregular waves was also proposed. This was based on the results of this study’s experiments

and empirical results of Larson and Kraus”.

Table 4.1 Cases of physical modelling of perched beach nourishment.

Cases | Water level | d/h, Wave Wave Regular/ Wave
No. (m) height (m) | period (s) Irregular (R/1) condition
EO1P 0.067 0.528 0.040 0.822 R 1-Normal
waves
EO2P 0.067 0.528 0.040 0.822 I
EO3P 0.100 0.626 0.040 0.822 R
E04P 0.100 0.626 0.040 0.822 I
EO5P 0.067 0.528 0.080 1.095 R 2-Normal
waves
EO6P 0.067 0.528 0.080 1.095 I
EO7P 0.100 0.626 0.080 1.095 R
EO8P 0.100 0.626 0.080 1.095 I
E10P 0.067 0.528 0.133 1.588 I 3-Erosive
waves
E11P 0.100 0.626 0.133 1.588 R
E12P 0.100 0.626 0.133 1.588 I
E14P 0.067 0.528 0.153 1.570 I 5-Erosive
waves
E15P 0.100 0.626 0.153 1.570 R
E16P 0.100 0.626 0.153 1.570 I
E17P 0.067 0.528 0.136 1.607 R 4-Erosive
waves
E18P 0.067 0.528 0.136 1.607 I
E19P 0.124 0.673 0.136 1.607 R
E20P 0.124 0.673 0.136 1.607 I
E21P 0.190 0.760 0.136 1.607 R
E22P 0.190 0.760 0.136 1.607 I
E24P 0.067 0.626 0.094 1.588 R 6-Erosive
waves
E25P 0.067 0.626 0.108 1.570 R 7-Erosive
waves

Note: d: depth above the submerged breakwater crown (m), he: water depth at the seaward
of the toe structure (m)
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4.2 Equivalent Wave Height of Regular and Irregular Waves

Twenty-two cases of experiments were conducted in a 2D wave flume of 30 m long, 0.7 m wide
and 0.7 m deep (Fig. 4.1). Irregular waves having a Bretschneider-Mitsuyasu spectrum®® that was
described in Chapter Three were used for all of irregular wave cases. The wave height and wave period
of experiments varied from normal to storm wave conditions (Table 4.1). The water level changed as
low water level (LWL), mean water level (MWL), high water level (HWL) and highest water level
(HHWL) with the depth above the submerged breakwater crown d = 0.067, 0.100, 0.124, 0.190 m,
respectively. From the initial beach slope, waves were generated by a piston-type wave generator for
60 minutes in both regular and irregular waves. The wave heights were measured at 0.5-m intervals
along the profile all the time of wave generation. On the five lines along the wave flume, beach profiles

were measured by an optical bottom profiler at the beginning and after 60 minutes of wave generation.

Profiler Wave
generator
Wave
gauges ~p
| | | | 1 1 1
7 6 5 4 3 2 1

0.4m

1.5Sm—~Im-} 3.8m: ' 5.2m ~Im-!
LEGEND
Sand grain size d50=0.22mm 2  Submerged breakwater
—=-— Initial slope profile 1/10 []  Original sediment
Initial slope profile 1/30 [l  Nourished sediment

Perched beach profile 1/30

Fig. 4.1 Physical modelling of perched beach nourishment in 2D wave flume.

The scour depth was measured by taking maximum deformation between the initial profile of
perched beach and its profile after 60 minutes of wave generation. The volume loss was measured by
taking volume of sediment that was lost offshore over a submerged breakwater. The volume loss was
shown as negative net volume in the later discussions. Because of measurement error, the volume losses
of some cases were positive. However, the volume losses of these cases were insignificant

comparatively to the cases with the large volume loss.
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The total wave energy of irregular waves was expressed as
E, = pg [S(f)d(f) (4.1)
0
in which p is density of water (kg/m?), g is gravity acceleration (m/s?), f is wave frequency (Hz), S(f) is

frequency spectrum (m?/Hz).

Frequency spectrum was suggested by Bretschneider-Mitsuyasu spectrum®® as

S(f)=0.257HT,“f° exp[— &J 4.2)

(T.f)

in which Hs is significant wave height (m), T, is significant wave period (5s).

Chose a substitution function

Xx=T,f (4.3)

Thus, the differentiation of x was obtained as

dx =T.df (4.4)

When Equation 4.2 and 4.4 were combined the following equation of energy of irregular waves
is obtained

E, = pgTo.257H§x*5e*1-°5*"‘dx (4.5)

0
The wave energy of regular waves was expressed as Equation 4.6.

1
Eq =§ng2 (4.6)

In the case of equivalent in energies of regular and irregular waves, the relationship between H
and Hswas given as

H
H =-L 4.7
=5 (4.7)

In the case of equivalent in wave height, the relationship between the wave energy of regular
and irregular waves can be expressed as

E, = 2E, (4.8)

In this section, the equivalent in wave height of regular and irregular waves was taken into

account. In each wave condition in the first five wave conditions i.e. from the cases EQ1P to E22P, the
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regular and irregular waves were set equivalently in wave height and wave period (Table 4.1). The wave
energy of the regular and irregular waves with the equivalent wave height was shown in Fig. 4.2. In
spite of similarity in wave height and wave period, the wave energy of the irregular waves is a half of
that of regular waves. The wave spectrum was measured by wave gauges along beach profile in 60
minutes of wave generation. The wave spectrum was calculated by Fast Fourier Transform and
smoothed by using Bartlett window with filter number was 160'%. The offshore wave spectrums that
was measured at wave gauge No. 1 of five conditions indicated in Table 4.1 of the irregular waves were
shown in Fig. 4.3. In the wave component of wave conditions 3, 4, 5 there were some low frequency
waves 0.1-0.3 Hz existed with small energy density. The wave energy of irregular and regular waves at

each wave gauge was calculated by Equation 4.1 and 4.6, respectively.

4.2.1 Effect of Wave Conditions on Response of Perched Beach Profile

To assess the effects of normal and erosive waves on the different responses of perched beach
profile in the regular and irregular waves, four pair cases of experiment EO3P and E04P, EO7P and
EO08P, E11P and E12P, E15P and E16P were conducted at mean water level (MWL). And some other
experiments EO1P and EO2P, EO5P and EO6P, E10P, E14P were conducted in low water level (LWL)
(Table 4.1). In each pair case of the experiments, similar wave height and wave period were generated
with regular and irregular waves, respectively.
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Fig. 4.2 Wave energy density of regular and irregular waves.
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Fig. 4.3 Spectrums of irregular waves at the offshore-wave gauge No.1.

The perched beach profiles after 60 minutes of wave generation were shown from Fig. 4.4 to
Fig. 4.7. In the normal wave conditions, the deformation of perched beach profiles was insignificant at
the vicinity of the submerged breakwater. As the wave height increases to erosive wave conditions, the
deformations of perched beach profile in regular and irregular waves were different. In regular waves,
the deformation was very large at the vicinity of submerged breakwater, particularly in the case E15P
(Fig. 4.5 and Fig. 4.7). In this case, the sediment was lost very much offshore over the submerged
breakwater in the nearshore area, however, the perched beach profiles were nearly stable in foreshore
zone. On the other hand, in irregular waves, the deformation was insignificant at the vicinity of the
submerged breakwater. Also, at the foreshore, the sediment transported onshore formed the berm (Fig.
4.4 and Fig. 4.6).
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Fig. 4.4 Beach profile in irregular waves at low water level (LWL) after 60mins of wave generation.
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Fig. 4.5 Beach profile in regular waves at low water level (LWL) after 60mins of wave generation and

wave height distribution just after perched nourishment.
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Fig. 4.6 Beach profile in irregular waves at mean water level (MWL) after 60mins of wave

generation.
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Fig. 4.7 Beach profile in regular waves at mean water level (MWL) after 60mins of wave gene

and wave height distribution just after perched nourishment.
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Fig. 4.8 Scour depth in different wave height at low/mean water level (LWL/MWL) after 60mins of

wave generation.

The maximum scour depth of perched beach profiles in different wave heights was shown in
Fig. 4.8. As the wave height increased the scour depth also increased for all the cases. Whereas, the
scour depth increased dramatically by the erosive regular waves with wave height of 0.153 m, in the
irregular wave cases, the scour depth was gradually changed. The wave energy dissipation was high in
the region of breaking waves, this maintains grains in suspension, and more sediment was transported
than in regions of non-breaking waves”. In the irregular wave train, there were low waves as well as
high waves. The wave breaking positions were distributed along the perched beach. Thus, the energy
was dissipated in a long distance on the perched beach (Fig. 4.9¢, d). In the regular waves, however, the
wave broke at the same position on the perched beach. Fig. 4.9b, ¢, d show that on the submerged
breakwater, the energy of regular waves was higher than that of irregular waves. However, it decreases
quickly in a short distance from the wave breaking point. After dissipation it became lower than the
energy of the irregular waves. The most of the energy of regular waves dissipated in the area near the
submerged breakwater. In the regular waves the sediment in wave breaking regions receives more wave
energy and was easily transported. Therefore, the scour depth in regular waves became larger than that

of the irregular waves.

In another aspect, the volume loss of the perched beach profile in the irregular waves was
insignificant, whereas in the regular waves, it significantly increased as the wave height increased (Fig.
4.10). The maximum cross-shore transport rate appears to be located in the vicinity of plunging point

where maximum energy dissipation occurs”. In the physical experiments, the wave plunging point was
97



not easy to measured. The wave plunging point occurs after the wave breaking point; thus, the wave

breaking point was taken into account for discussion instead of wave plunging point. In regular erosive

waves, the wave breaking positions of the cases E11P, E15P and E17P were close to the submerged

breakwater, the wave breaking positions of other cases in normal regular waves, however, were further

onshore (Fig. 4.5 and Fig. 4.7). Moreover, the higher wave height, the more energy was dissipated on

the areas after wave breaking. In regular erosive waves, the sediment in the vicinity of the submerged

breakwater received much more wave energy. Thus, the sediment was easily transported offshore

causing the large volume loss over submerged breakwater.

@
30

—e— Regular waves-Case E03P
—=— Irregular waves-Case E04P
< Submerged breakwater

[\ [\
(e W
1

Wave energy (Kg/S?2)
O
1

10

5_

0 Iu_n]ﬁ T T T T T 1
4 5 6 7 & 9 10 11 12

Offshore distance (m)

(©

307 — Regular waves-Case E11P
—— Irregular waves-Case E12P
254 <> Submerged breakwater

Wave
breaking point

Wave energy (Kg/S2)
>
1

0 I I<_>I ! ! | I 1

4 5 6 7 8 9 10 11 12
Offshore distance (m)

30

[\
(9,

—

Wave energy (Kg/S?2)
? P

Wave energy (Kg/S2)

[\
(=]
1

()]
|

(9]
|

(b)

1 —— Regular waves-Case EO7P
7| —— Irregular waves-Case EO8P

< Submerged breakwater

Wave
breaking point

"

&

4

5.6 7 8 9 10 11
Offshore distance (m)

(d)

—e— Regular waves-Case E15P
—— [rregular waves-Case E16P
<> Submerged breakwater

Wave
breaking point

5]

0-

5]

o+—r——T—1——1
4 5 6 7 8 9 10 11

12
Offshore distance (m)

Fig. 4.9 Wave energy distribution along the beach profile of regular and irregular waves at mean

water level.

98



The wave breaking points of irregular waves distributed in a long distance over the perched
beach. In addition, for the equivalent wave height, the wave energy of irregular waves was less than
that of regular waves. The sediment at the places near submerged breakwater received less energy.

Therefore, the less sediment was transported over submerged breakwater caused less volume loss.
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Fig. 4.10 Net volume loss for different wave conditions and water levels after 60mins of wave

generation.

The wave energy fluxed over the submerged breakwater will transmitted to the perched beach.
The wave spectral density of the irregular waves that was measured at the wave gauge No. 4 above the
submerged breakwater were shown in Fig. 4.11. The peak of wave spectrum was slightly shifted to low
frequency in the cases of perched beach nourishment. In addition, the wave spectral density in low
frequency region 0-0.3Hz that gave an opportunity for accretion of sediment in the foreshore area tends
to increase in the irregular wave cases EO6P, EO8P, E10P, E12P, E14P, E16P and E18P (Fig. 4.11b, c,
d, e). Above all, some of high waves of irregular waves were broken at the seaward of the submerged
breakwater. Thus, the energy was dissipated before approaching the perched beach. Hence, the wave
spectra density transmitted over the submerge breakwater decreased. With all the reasons above, the
accretion at the foreshore area of perched beach may results. The submerged breakwater and the
nourished beach gradually absorbed the wave energy, changed the wave conditions i.e. significant wave
height and wave period. It can be concluded that the irregular waves under the experimental conditions
decreased the deformation and increased the accretion at the foreshore area of the perched beach may
result.
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Fig. 4.11 Wave spectrum of the irregular wave cases at wave gauge 4" in low and mean water levels.



4.2.2 Effect of Water Levels on Response of Perched Beach Profile

To identify the different responses of perched beach profiles in different water levels, the results
of three pair cases of experiment E17P and E18P, E19P and E20P, E21P and E22P were discussed
(Table 4.1). The water levels of three pair cases were low water level LWL=0.067 m, high water level
HWL=0.124 m and highest high water level HHWL=0.190 m, respectively. The significant wave height
and wave period of irregular waves were set equivalently to wave height and wave period of regular

waves.

In the same irregular erosive waves, with the different water levels, the perched beach profiles
were deformed very much near the submerged breakwater and slightly at the foreshore area (Fig. 4.12).
Although, in erosive waves, the perched beach profile of the case E18P with low water level was
accreted at foreshore area. The amount of sediment at the nearshore area was transported onshore, thus
a small berm was formed. Fig. 4.13 showed the wave energy measured at the submerged breakwater by
the wave gauge No. 4. The peak of wave spectrum slightly shifted to low frequency in the cases with
perched beach nourishment. Whereas, in high water levels, the high waves of the cases E20P and E22P
could pass over the submerged breakwater and approached to the perched beach, in low water level,
some of the high waves of the case E18P were broken seaward or at the submerged breakwater. Thus,
the wave energy approaching to the perched beach greatly reduced. As the water level decreases, less
energy was transmitted over submerged breakwater to the perched beach. In addition, there were some
long period waves 0-0.3 Hz were observed when it passed over submerged breakwater. Therefore, in
the experiment in the low water level, the erosive waves were changed to accretive waves once it
transmitted over submerge breakwater to the perched beach. Hence the perched beach slightly accreted
at the foreshore area.
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Fig. 4.12 Beach profile in irregular waves at different water levels after 60mins of wave generation.
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Fig. 4.13 Wave spectrum of the same irregular wave conditions over the submerge breakwater (the
wave gauge 4™ in different water levels.

The regular waves with the same wave height and wave period as the significant wave height
H; and wave period T of the irregular waves yielded greater deformation of perched beach profile at
the breaker zone (Fig. 4.14). In the low and high water levels, the scour depth of perched beach by
regular waves were greater than that of irregular waves (Fig. 4.15). In the case of the highest high water
level, the scour depth in regular waves was much larger than that in irregular waves. The intensity and
positions of the deformation of perched beach tend to increase and move further onshore as the water

level increased. Gonzalez*?

studied the equilibrium beach profile model for the perched beach and
showed that if d/h,> 0.1, where d is the water depth above submerged breakwater and h, is the water
depth at the toe of structure, i.e. the higher water level the scour depth is larger. In the high water levels,
the high waves could pass over the submerged breakwater and transmitted to the perched beach. In the
low water level, however, the high waves break seaward or at the submerged breakwater. Thus, the
wave energy fluxed over the perched beach significantly decreased. In addition, whereas the regular
waves transmitted the perched beach, the energy quickly decreased in the short distance on the perched
beach (Fig. 4.16), in the irregular wave cases, the wave energy was dissipated in a long distance after
passing the submerged breakwater. Moreover, the energy of regular waves was larger than that of
irregular waves in equivalent wave height. Therefore, the scour depth by the regular waves was higher

than that by the irregular waves.
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Fig. 4.15 Scour depth in different water levels after 60mins of erosive wave generation.

The volume loss of sediment in irregular waves was insignificantly affected by the water level.
in the regular waves, however, the volume loss increased as the water level decreased (Fig. 4.17). In the
irregular wave cases, the wave energy on the perched beach was smaller than that in regular wave cases
(Fig. 4.16). In the higher water level, although the larger energy entered on the perched beach. The
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energy was dissipated in a long distance on the perched beach. Thus, the volume loss insignificantly
changed as the water level increased. In the regular wave cases, Fig. 4.14 shows that the wave breaking
position in low water level the case E17P was very close to the submerged breakwater. As the water
level increased, the wave breaking positions moved further onshore from the submerged breakwater.
Most of the energy of the regular waves in low water level was dissipated immediately behind the
submerged breakwater (Fig. 4.16a). As the waves broke and dissipated the energy, the mobility of
sediment at the breaking area was very high. It caused suspended sediment in this area to be easily
transported offshore over submerged breakwater. In the higher water level cases, the high wave energy
transmitted onto the perched beach, which caused large deformation in the onshore side, and a big
volume of sediment was transported offshore. However, because the breaking points were far from the
submerged breakwater, the sediment transported offshore may be still inside the perched beach. It can
be concluded that in regular waves, in the cases in which the location of the wave breaking point was

close to the submerged breakwater, i.e. low water level in the experiment, large volume loss may result.
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Fig. 4.17 Net volume in different water levels after 60mins of erosive wave generation.

4.3 Equivalent Wave Energy of Regular and Irregular Waves

In this section, the wave heights of regular and irregular waves were adjusted in order to make
the energy of these two equivalent. For two pair cases of irregular and regular waves E12P and E24P,
E16P and E25P of experiments, respectively. To get the equivalent wave energy, the wave height of
each pair cases need to satisfy the Equation 4.7. The beach profiles of the two pair cases E12P and E24P,
E26p and E25P were shown in Fig. 4.18 and Fig. 4.19, respectively. Despite the similar wave energy,
the scour depth of perched beaches in regular and irregular waves were very different (Fig. 4.20). On
the other hand, the location of deformation of the perched beach profile in regular and irregular waves
were both in the places near submerged breakwater. In addition, at the foreshore area, the sediment was
transported slightly onshore and a berm was formed in all cases. The volume loss of each pair case of
regular and irregular waves were similar and insignificant (Fig. 4.21). The wave energy distribution in

each pair case were also similar (Fig. 4.22).

Although there was a difference in scour depth, the perched beaches in regular and irregular
waves were both accreted. In addition, the difference of volume loss and wave energy distribution of
these two were also very small. It can be concluded that in the equivalent wave energy the responses of

perched beach profiles in regular and irregular waves were similar.
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Fig. 4.18 Beach profiles in the same wave energy of irregular/regular erosive wave condition 3 and 6

after 60mins of wave generation, respectively.
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after 60mins of wave generation, respectively.
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Fig. 4.22 Wave energy distribution along the beach profile of regular and irregular waves with similar

wave energy.

Larson and Kraus” studied the response of normal beach profile in regular waves and classified
it into erosion and accretion profiles based on the wave conditions and grain size of the sediments. In
the section 4.2, whereas the results with the equivalent wave height showed that the responses of the
perched beach profile in regular and irregular waves were different. In the equivalent wave energy,
however, the responses were in good agreement. Thus, the classification of the perched beach profiles
in irregular waves should be based on the equivalent wave energy instead of wave height. Once the
transmitted wave energy over submerged breakwater was known, the type of perched beach was
identified. The equivalent incident wave energy over submerged breakwater of regular and irregular
waves should be written as Equation 4.8. The wave energy of irregular waves was measured above the
submerged breakwater. It was a function of transmitted significant wave height Hg and independent
from transmitted significant wave period T The transmitted wave energy of irregular waves was

written as

E, = pg [0.257H x "™ " dx (4.9)
0

in which x=Tgf, Hgis the transmitted significant wave height (m), Tis the transmitted significant wave

period (s), f is wave frequency (Hz).

Using linear wave theory, the transmitted wave energy of regular waves was written as

E, =%ng£ (4.10)
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in which p is density of water (kg/m?), H, is transmitted wave height (m).
The relationship between H; and Hgwas given as

o H (4.11)

st \/E
Larson and Kraus?” suggested that the equation classifying the type of normal beach profile in
regular waves as shown in Equation 4.12. By combining Equation 4.11 and 4.12 the classification of
perched beach profile type in irregular waves was given by Equation 4.13. The graph expressed the

criterion for classifying profile type in irregular waves was shown in Fig. 4.23.

3
L 0.0007( HTtWJ (4.12)

t

—|T

3
Hy =0.00035 Hw (4.13)
L T

st st

in which w is sediment settling velocity (m/s), L. is wave length (m). The Fig. 4.23 showed that in the
regular waves, the response of perched beach profile was agreement with equation of Larson and Kraus”,
however in the irregular waves, the response follows the modified Equation 4.13. Although, there was
no datum in the “erosion” side of the solid line, the classification of the perched beach in irregular waves
was considered to be reliable because the solid line was modified from the Equation 4.12 based on the

energy equivalence.

111



0.1

4 &

1 Accretion ’

HS/LS[

Erosion

--- H/L=0.0007(H/wT,3-Regular waves (Larson and Kraus?))
— H,/L,~0.00035(H,/wT,,)3-Irregular waves

4 Accreted profile-Irregular waves
o Accreted profile-Regular waves
¢ Eroded profile-Regular waves

0.01 t t t t t —t—

Hy/wT,
Fig. 4.23 Criterion for distinguishing profile type of irregular waves regarding to experimental data.
4.4 Discussions

Chatham® and Sorensen and Beil® studied the effectiveness of perched beach nourishment by
conducting experiment in regular and irregular storm waves, respectively. The storm waves were
generated to get the equilibrium perched beach. Whereas, the period of storm waves generation of their
experiment was very long 3-42 hours, the real time scale of storm is only 3-5 hours. Thus, the
deformation and volume loss in their experiments were comparatively large with those of the perched
beach in the real storm. In this study, the period of storm wave generation of the experiments was 1
hour. It was compatible with the time scale of the real storm. Therefore, the scour depth and volume
loss of the experiments were reasonable for evaluation of the effectiveness of perched beach in storm

waves.

In the equivalent wave height, the results of experiment showed that in normal waves, the
response of perched beach profile in regular and irregular waves were similar. However, in storm waves,
it was significantly different. The scour depth and volume loss in regular waves were significantly larger
than those in irregular waves (Fig. 4.8 and Fig. 4.10). The energy of regular waves was double the
energy of irregular waves (Fig. 4.2). On the perched beach, whereas the energy of irregular waves was
dissipated in a long distance, the regular wave energy was dissipated in a short distance (Fig. 4.9 and
Fig. 4.16). Consequently, in the regular waves, the sediment near the wave breaking area receive more
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energy than that in irregular waves. Thus, the mobility of the sediment was very high and easily
transport offshore over submerged breakwater. On the other hand, in the equivalent wave energy, the
volume loss and scour depth of perched beach profile in regular and irregular waves were similar (Fig.
4.18, Fig. 4.19 and Fig. 4.21). Therefore, the comparison of experiment in regular and irregular waves,
the equivalent of wave energy of those should be assured.

In the wave trains of irregular waves there were long period waves and short period waves. As
the irregular waves transmit over a submerged breakwater, the wave height and wave period could be
changed by the submerged breakwater. The peak of wave spectral density shifted slightly to lower
frequency (Fig. 4.11b, c, d, ). Furthermore, the low frequency 0-0.25 Hz waves were formed due to
submerged breakwater. Thus, some of the irregular storm waves after transmission over submerged
breakwater were transformed to accretive waves. Consequently, the perched beach was likely to form

accretion at the foreshore area (Fig. 4.4 and Fig. 4.6).

In regular storm waves, the scour depth of the perched beach and volume loss were very large.
However, the regular storm waves were not real. Thus, the experimental results in regular waves could
not represent for the perched beach at the real field. The irregular waves in the experiments were
modelled nearly similar to waves in the field. In addition, in all cases of the irregular storm waves, both
of the scour depth and the volume loss was insignificant. Therefore, the results of experiments in

irregular waves were exactly expressed the response of perched beach in storm waves at the fields.

4.5 Conclusions

The perched beach nourishment advances shoreline, does not change the beach landscape,
reduces an amount of nourished sediment. All above, the results of the physical experiments showed
that the irregular wave energy was significantly reduced by the submerged breakwater as the wave
transmitted onto the perched beach. The submerge breakwater of perched beach can protect the shore
against storm waves. Therefore, the perched beach nourishment is a practical method for protecting the

coast under the global climate change.

The responses of perched beach profiles in regular and irregular waves are similar when their
energies are equivalent. Therefore, when conducting the experiment in both cases of regular and
irregular waves, the equivalent wave energy should be taken into account. Based on the results of the
experiments and the type of beach profile classification in regular waves by Larson and Kraus”, a new
classification of beach profile type in irregular waves is proposed.
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Chapter 5 Conclusions

The argument of the study is that under the global climate change, the amount of offshore
sediment transport is higher than that of onshore sediment transport. Under the global climate change,
coastal zones have been threatened by natural hazards, for instance, sea level rise, increment of storm
wave height, increment of wind velocity, etc. By storm waves, sediment at the foreshore is dragged
offshore and deposited at offshore bar, hence the shoreline is retreated. After the storm, this amount of
sediment is transported back onshore under accretive wave conditions and the shoreline is recovered.
Because of the global climate change, in some areas frequency of tremendous storm increases, thus a
huge amount of sediment is transported offshore. The result is that the recovery rate of post-storm beach
becomes very slow. If the post-storm beach recovery occurs in a long time scale, the amount of onshore
sediment transport is smaller than that of offshore sediment transport, i.e. the shoreline is incompletely
recovered in that period. Thus the global climate change causes unbalance in on/offshore sediment
transport rate, hence coastal erosion. Under the effects of global climate change on beach erosion, shore
protection works by coastal structures such as detached breakwaters and groins has recently shown
some limitations causing various environmental problems. In addition, with the increment of world
population and enlargement of coastal cities, the demand of leisure activities in coastal zone have been
quick increased. Therefore, the protection of coastal zone while retain some features of the natural
shorelines are essential for the coastal conservation. The beach nourishment has been verified as a good
solution for this issues. However, the huge volume of nourished sediment is necessary. In this study, a
new concept of shore protection in the management of on/offshore sediment transport was proposed
and discussed. Two practical countermeasures for shore protection were suggested to verify the new
concept. The applicability of two methods are examined through a series of the hydraulic experiments.

Two practical countermeasures for shore protection under severe storm conditions while
preserving the features of natural beaches as well as reducing the volume of nourished sediment are
proposed. The first countermeasure is “shore-face nourishment” which is based on the new idea that the
post-storm beach recovery rate is accelerated by dredging some amount of sand at offshore bar and
nourishing it on shore-face of the beach. This countermeasure includes two processes i.e. the sand
dredging at the offshore bar and the beach nourishment at the shore-face. The procedure of sand
dredging at the offshore bar may cause the negative effects to the coastal erosion. Therefore, the effects
of the sand dredging at the bar on the shoreline change were quantified through a series of 2D and 3D
hydraulic experiments, theoretical analysis and numerical simulations. To evaluate the effectiveness of
the shore-face nourishment on the post-storm beach recovery rate, a series of experiments were
conducted in 2D hydraulic wave flume. The second countermeasure is “perched beach nourishment”

which is based on the viewpoint of protection of sediment lost over submerged breakwater under storm
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waves. The effectiveness of the perched beach nourishment was identified through a series of hydraulic

experiments in 2D wave flume.

Sand dredging at the offshore bar under the erosive wave conditions caused quick retreat of the
shoreline at the lee of dredged hole and vicinity areas. The shoreline retreat caused by the sand dredging
was quantified with a simple relationship between the volume of sand dredging and the shoreline
position of the equilibrium profile. This study found that the quantity of the shoreline retreat was almost
proportional to the dredged volume. Sand dredging in the nearshore zone is an activity that takes
sediment away from the littoral cell. In the beaches which the long shore sediment supply is limited,

taking the sediment out of the littoral cell should be prohibited.

The offshore bar was also dredged periodically and under the calm wave conditions. The final
magnitude of retreat of shoreline under periodic sand dredging and under the calm wave conditions is
similar to that of the case of one-time sand dredging in erosive wave condition, however, the speed of
shoreline retreat is delayed. To mitigate or delay the effects of offshore bar sand dredging on the

shoreline retreat, it is suggested to dredge sand periodically in the calm wave seasons.

After a big or successive storms, the recovery rate of post-storm beach is very slow. To
accelerate the recovery rate, some amount of sand dredged at the bar can be nourished on the shore-face
of the beach. This amount of sediment is transported onshore under the accretive wave conditions. The
results of the investigation of offshore bar sand dredging showed that offshore bar should be dredged
in the calm wave seasons to mitigate the negative effects of offshore bar sand dredging on the change
of shoreline. The “shore-face nourishment” enhances the onshore sediment transport rate, therefore the

recovery rate of post-storm beach is able to significantly accelerate.

The “shore-face nourishment” method is tested in various methods of sand dredging under
different conditions of waves and sea levels. The sand volume of nourishment, the wave condition and
the sea level are predominant parameters that showed the significant effects on the post-storm beach
recovery rate. In addition, the location of the nourishment is also an important factor affects to the
recovery. In the test cases of without “shore-face nourishment”, the recovery rate of the beach is
comparatively high in a short period at the beginning of calm wave condition, however, it quickly
decreases. To enhance the effectiveness of acceleration of post-storm beach recovery rate, a sufficient
volume of sand should be dredged and nourished as soon as possible after storm in calm wave season.

The response of perched beach profile under storm waves were discussed in terms of perched
beach deformation and sediment volume that is lost offshore over a submerged breakwater. A
significant amount of energy of incident waves is dramatically dissipated by a submerged breakwater
before transmitted to the perched beach. In addition, the transmitted energy of irregular waves is

dissipated in a long distance on the perched beach profile. Therefore, under irregular storm waves, both
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the beach deformation and the volume loss are insignificant, which indicates the “perched beach

nourishment” has high potential for shore protection.

The effects of irregularity of the waves are highlighted by comparing the beach deformation
and sediment volume loss between regular and irregular wave cases. The different response between
regular and irregular waves were discussed in equivalent wave height and equivalent wave energy. The
deformation of the perched beach profile and volume loss under regular waves are always greater than
those under irregular waves in the cases of equivalent wave height, whereas in the cases of equivalent
wave energy, the response of perched beach under regular and irregular waves are nearly similar, except
for the scour depth. In the conduction of physical experiment for future researches, the regular and

irregular waves should be considered in equivalent wave energy instead of equivalent wave height.

As a consequences of experimental conditions, insufficient data and lack of field data, this study
encountered a number of limitations which need to be considered. In the classification of the types of
perched beach profile in irregular waves, the number of physical experiment data is insufficient for
classifying the eroded types of perched beach profile due to the limitation of wave generator. In the
hydraulic experiments of this study, the current flow is not included. In addition, well-sorted sediment
grain size is used. On the other hand, in the actual field site the current flow and poor-sorted grain size
play as important factors for sediment transport. The results of this study can be applied to the beaches
wherein the on/offshore sediment transport is dominant and the longshore sediment transport is minor
or in balance.

Based on the limitations and results of the study, some recommendations for the future research
are suggested. The “shore-face nourishment” method was tested by a number of physical experiments.
It is a potential method for accelerating post-storm beach recovery rate. However, the application needs
to get verification and further assessment by field case studies. Although in equivalent wave energy,
the deformation of perched beach profile under regular and irregular waves are different. This is caused
by the difference of dissipation of wave energy along the beach profile. Therefore, the response of beach
profiles may give a different result. The classification of normal type of beach profiles in irregular
waves should be carried out.
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