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Abstract

UNIVERSITY OF SOUTHAMPTON

ABSTRACT A

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
SCHOOL OF CIVIL ENGINEERING AND THE ENVIRONMENT
Doctor of Philosophy :

FIELD AND PHYSICAL MODEL INVESTIGATION OF SEAWALL TOE
SCOUR AND ASSOCIATED WAVE FLOW PROCESSES
By Andrew Morris Charles Pearce

In the UK one third of seawall failures are attributed to scour, placing the communities
living behind these structures at risk of flooding or erosion. Despite this, field evidence
of scour remains anecdotal. Our current understanding is adapted from deepwater
breakwater studies and small scale seawall model tests which do not adequately
represent shallow water sediment processes. Two medium scale model tests have been
conducted, providing guidance for only a limited range of conditions. However a link
between the key hydraulic processes and the resulting sedimé_nt transport has yet to be
developed.

. As part of a larger research project, beach levél data was collected from the toe

~ of a vertical seawall in Blackpool over a 3 year period, and over a 1 month period at a

1:2 sloping seawall in Southbourne. These results were combined with model.
experiments conducted at medium scale-using irrégular waves on a sand beach. To
clarify the toe scour processes and the interaction of breaking waves with vertical
seawalls, a hydraulic flow study was conducted at small scale.

The research demonstrated a causal relationship between wave breaking and the
risk of toe scour at seawalls. Waves impacting at the wall generated high velocity
downrush flows, peaking at 0.6 m.s”! in a 1:40 scale model and producing an intense toe
vortex. By combining knowledge of the near wall wave breaker type, flow pattern and
sediment response, improved methods to predict and mitigate scour were demonstrated.

The deepest scour occurred when the wave conditions and toe water depth were
optimal for waves to impact onto the seawall (d; / L,, = 0.018) and generate high flow
velocities. Flows velocities were reduced under spilling and pulsating wave conditions.
The duration of exposure to the most critical condition determined the scour risk,
though the depth of maximum scour always remained less than incident wave height.
Further model tests and field experiment are required to extend this research to a wider

range of beach and wave conditions.
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Chapter 1 - Introduction and overview

1. Introduction and overview

1.1. The development of coastal communities

The 19" century marked an important shift in the use of the British coastline from a
place of commerce and fortification, to a source of leisure and a place to live. To
support this growth, rigid shoreline defences were constructed. These typically
consisted of promenades and vertical seawalls (French, 2001), due to their
straightforward design and efficient use of valuable shoreline space. These provided
. improved public access to the seaside and enabling coastal communities to develop,

without fear of erosion or flooding.

Over the past century, seawalls have enabled the development of commercial and
résidential property right up to the defence line. Though in recent years the use of
‘softer’ beach nourishment schemes have gained in popularity, vertical seawalls
.continue to be constructed to protect key infrastructure and assets, when the balance

between social, environmental and economic criteria can be justified.

As we ;ontinue into the 21* century, these structures come under increasing pressure
from sea level rise and anthropogenic interruptions to sediment supply, which can cause
beach lowering and erosion, leading to wall failure. Before this point, the risk must be
managed or suitable replacerﬁents constructed for the next 100 years, alternatively the

defence line must be retreated and coastal developments migrated inland.

1.1.1. Seawall erosion-and scour

When a seawall is exposed to sea level rise or an anthropogenic change in sediment
suf)ply,/the beach level in froﬁt of the wall will fall through a shift in the beach profile

‘ position (Bruun, 1962) or loss of sediment down drift (McInnes, 2003). This exposes
the structure to wave activity, with the potential for localised erosion to occur at the wall
 toe, a process termed toe scour. Toe scour has the potential to expose aild damage the

wall foundations, enabling further undermining and possible failure of the defence line.

Defence failure can lead to erosion and flooding of property, damage to local
infrastructure, and in some locations could encourage more widespread geotechnical

failures in cliffs and steep ground. In sensitive locations e.g. nuclear power stations,
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Chapter 1 — Introduction and overview

which are often sited on the coast to access ocean cooling water, scour failure of a

seawall could lead to severe human and environmental impact.

N

1.1.2. Investigating the problem

Observing toe scour remains difﬁéult due to the rapidly changing water levels and
resulting'coastal process that occur in front of the wall. In a twelve hour period a typical
location could switch from a dry beach and wide surf ‘zone at low water, to highly
reflective wave conditions at high tide and back again. When this is combined with the
significant energy released from breaking waves, the corrosive salt water and abrasive

sediment, direct measurements of scour during storms has thus far proven difficult.

To understand these processes, coastal scientists often rely on scaled physical models,
to provide a simplified situation in which to observe and measure transport processes
and wave dynamics. However relatively few toe scour experiments haile been
conducted at a suitable scale to accurately model the key sediment transport processes.
Early flume studies were often conducted at small scale, with regular period waves,
which tended to exaggerate scour depths. Current scour guidance and prediction
methods are largely based on anecdotal observations and simple equations fitted to
laboratory datasets. These issues are compounded by the lack of field measurements to

validate model results.

For practicing engineers and scientist, the current empiriéal equations available to
predict scour are limited to either unbroken (reflective) or breaking waves. However in
reality both conditions may exist over a tidal cycle. Furthermore, these equations only
represent the final scour depth. A causal relationship between the key hydraulic
processes and resulting sediment transport has yet to be established, enabling informed
judgement. To take the current state of knowledge forwards, a hypothesis was derived

and tested.

1.2. Hypothesis

Seawall scour is driven by both wave breaking and wave reflection processes. The
position, magnitude and occurrence of the deepest toe scour can be determined
more accurately by studying the interaction of these waves at the seawall structure
and measuring the resulting sediment transport. By considering these processes,

improved predictions of scour depth and risk guidance can be developed.
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1.3. The research need

Existing field evidence of toe scour is largely based on anecdotal field evidence and
visual observations, to daté no direct measurements havé been conducted to verify scour
depth under storm events. Our current understanding of scour and scour prediction
equations is largely based on model tests, which at small scale are prone to scale effects.
Of the relatively few medium scale scour tests experiments conductéd, each tends to
adopt a different methodology and most are biased towards deep water breakwater

structures, limiting comparison and integration. .

There is a clear need to collect field vélidation data and to conduct physical model tests .
at a medium scale in drder to observe the key sediment transport processes. This will
enable the existing datasets to be unified to produce a fundamental understanding of the
key scour processes and their effect on the scour depth risk. In turn this can be utilised

to provide improved guidance and design.

1.4. Research aims

The aim of the research was to conduct a scientific study 6f seawall scour to:

¢ Improve underétariding of the key mechanisms of toe scour;

¢ Collect field observations to validate physical model results;

e Combine field and flume measurements to understand the effect of wave
“breaking flows on scour depth; | v |

®  Produce maximum scour depth estimates, using simple equations with few
" fitted coeffipients;

e To understand how, why and when scour will occur and applying this

knowledge to provide coastal engineers and risk managers with improved

_guidance.

1.5.  Research objectives'

This research will:

e Review existing literature and datasefs to develop the current state of knowledge;
¢ Collect field evidence of scour from both vertical and sloping seawall structures;
e  Validate the results of a recent medium scale sediment transport physical model

study and interpret these to observe scour depth variation;
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e Examine the interaction of waves and ‘structures, and the consequences for
sediment transport testé using hydraulic flow measurements;

e  Unify the field, sedilﬁent transport and hydraulic results to develop an
understanding of the scour process, leading to improved scour risk, depth and

mitigation guidance.

Through the combination of the various research methods, the guidance provided will
be robust and applicable to range of prototype situations, providing a benchmark for

future scour research. .

1.6. 'Research limitations

®  The research will primarily focus on vertical seawalls, as these are more common
than sloping walls and are at a higher risk of failure due to their configuration;

¢  Only beaches with sandy sediment will be considered, very limitéd scour research
has been conducted into coarse sediment and collection of field and flume data is
significantly more difficult;

e  The flume studies will only consider normal wave directions, and only limited
wave angles will be sampled in the field research. These are assumed to represent
the worst case situation for wave driven sediment transport at a seawall;

e  The effect of longshore flows or other 3D nearshore processes (e.g. rip currents)

will not be assessed.

1.7. Contributions

In a recent scoping study, Sutherland et al. (2003) identified the need for new research
to provide improved understanding of the risk of beach lowering and toe scour causing
seawall failure. As a result of this study, a research project jointly funded by the UK
Department of Environment, Fodd and Rural Affair’s (Defra- FD1927) and the
Engineering and Physical Sciences Research Council (EPSRC) was proposed, and
awarded to a research partnership between HR Wallingford and the ‘University of

Southampton.

The Defra project included the collection of field data and physical model tests to
investigate seawall toe scour, to improve scour prediction and to develop risk based
management tools. The author was involved in planning and implementing the field

experiments, collecting and interpreting the physical model data and developing a scour
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predictor. The author also presented the field results at the International Coastal

Engineering Conference in 2006 (Pearce er al. 2006- Appendix A).This thesis presents

the author’s key inputs into the project, and takes forward that work with more detailed

experiments recently conducted by the author at the University of Southémpton.

1.8

Thesis structure

The thesis is organised into 8 Chapters, these are as follows:

1.

Introduction — An introduction to the research issue, hypothesis and study aims,
objectives and limitations;

Background- A review of seawall design, coastal processes and physical

modelling issues related to scour research;

Literature review- A review of literature related to beach storm interaction,
physically modelling toe scour and recent numerical rﬁodelling; '
Field study — The aims, méthod, results and conclusion of the field data
collection project;

Sediment transport stﬁdy — An overview of the recent medium scale sediment

transport study results and development of an empirical scour predictor;

-Hydraulic study - An in depth investigation of the key sediment transport tests

using a hydraulic flow study to interpret wave flow processes;

Combined analysis & discussion- Combined discussion of the three preceding
studies to develop an improved understanding of toe scour and new guidance;
Conclusions- overall conclusions and future Work; |

References.
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2. Background

2.1. Beaches and seawalls

On receding coastlines seawalls are typically constructed to prevent further erosion of
the coastline and to provide a tidal flood defence. To provide an efficient design and
reduce the exposure of the structure, a fronting beach is often included. This reduces
energy dissipation at the wall though the formation of a wide surf zone.‘ However in the
longer term, if the defence scheme prevents updrift erosion or longshore sediment
supply, e.g. throuvgh construction of a terminal groyne, the beach level will fall,
increasing the exposure of the seawall. Though beaches can be artificially maintained
by nourishment, this is nbt always feasible due to the high cost and the timescales
involved in planning and implementing these types-of scheme. During period of low

beach level, structures are prone to toe scour.

Under storm wave conditions, the fronting beach will be vquickly rewdrked by the
incident waves to forlﬁ a cross shore profile in equilibrium with the active processes
(Dean, 1977). In general this process moves sediment offshore, to extend the profile and
form additional bars, increasing energy dissipation (Lee et al. 1998). However when
beach levels are low, the profile adjustment may exceed the volume of available

- sediment, leading to wave breaking at the seawall. Under these conditions the maximum
height at the structure becomes dependent on the toe water depth, generating a feedback
‘mechanism for increased transpoﬁ. While a small percentage of wave energy will be

- dissipated through wave reflection offshore, the potential for further scour and structural

damage due to wave impacts increases.

For the purpose of this study, low beaches were defined as a section of coast where
waves come into contact with the seawall at least once per year.-An example is shown
in Figure 2-1, which illustrates signiﬁcant cross shore profile change on a sand beach in
Southbourne, Dorset, fronted by a sloping seawall. Figure 2-1a (January 2005) was |
taken at mid tide after a period of moderate wave activity Which reduced the beach level
to around mean sea level and caused a scour trough at the toe of the wall. Figure 2-1b
(April 2005) indicates the typical beach level during calmer conditions. The lowest
handrail post is indicated in each photo, to indicate the significant changes in beach

“crest level that can occur, once the seawall is exposed to breaking waves. '
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Figure 2-1: Southbourne: a) 11 Jan 05 (0.1mODN) b) 28 April 05 (1.6mODN)

2.1.1. Wave breaking on beaches

When waves approach the shoreline the water depth deceases and they become affected
by the seabed, causing wave shoaling and refraction. This reduces the wave celerity and
leads to refraction towards a direction normal to the beach slope. Incident waves can be
broadly split into two categories depending on their period. Where waves have a short
period (<8 s), commonly generated by local wind stress, they will be relatively steep. As
these waves shoal in the surf zone, they slow down, shortening their wavelength,
leading to an increase in steepness. These waves quickly reach a point where they

become overly steep and break.

Longer period waves are generated by ocean low pressure storm systems. These blow
over the ocean for a longer duration and over a wider area (i.e. fetch length) leading to a
longer period (>10 s) and larger wave heights. This decreases the wave steepness,
therefore these waves must undergo shoaling for a longer duration before they become
overly steep and break. As a result longer period waves break in shallower water
compared to the short period waves, and are more intense, as they contain a larger mass

of water.

The type of wave breaking is dependent on the water depth, with waves generally
breaking in a water depth slightly greater than their height (Komar, 1998). Therefore
when large storm waves approach the shoreline, the wave height at the shoreline is often

significantly smaller due to the wave becoming depth limited when H,/d = 0.78.
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-When waves break at the beach, the fb_rm of the breaker can be broadly categdfised into
three key types according to the beach slope and the incident wave steepness as
described by the Iribarren number (5) (Figure 2-2). Spilling waves occur when short
period waves become overly steep, they also occur on gentle sloping beaches, where the -
critical breaking depth is reached gradually or when strong onshore winds push over the
top of the wave. Plunging breakers tend to occur when inoderately steep (longef period
waves) move into shailower water or when the water depth decreases rapidl}" (e.g.ata
longshore bar) This produces an intense breaking wave as the water mass is thrown
forwards. The final type, surging, occur on very steep beaches (e.g. shingle), where the
offshore water depth is significant, preventing shoaling and wave breaking causing the

unbroken wave to flow up the beach.

": SPILLING
PLUNGING
SURGING

Figure 2-2: Wave breaking types and shapes (adapted from Komar, 1998)

2.1.2. Wave breaking at coastal structures

When a coastal structuré obstructs the wave and prevents further shoaling, the wave v
energy is either dissipated by breaking at the structuré, reflected or elements of both. In -
physical model test of vertical breakwaters, Oumeraci ez al. (1993) classified four types
of wavé breaking at structures: Turbulent bore; well'devéloped plunging; plunging;

upward deflected. These are summarised in Figure 2-3 below.
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a): Turbulent bore.

-

050989080

Figure 2-3:Classification of breaking waves at vertical structures prior to impact (left) on
impact (right) (from Oumeraci et al. 1993): a): Turbulent bore; b): Well-developed
plunging; ¢): Plunging; d): Upward deflected.
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The breaker types were classified by the ratio of the water depth below the -wave as
breaking commenced (d),) to the still water depth at the wall face just prior to impact
(dy), and the ratio of the horizontal breaking wave velocity (vg) and vertical velocity (v,)
of the water level at the wall during impact. The key structures and features of each
breaker are described below, based on observations reported and interpretation\ of the

more extensive series of images in Oumeraci et al. (1993):

The turbulent bore breaker forms when the water depth below the breaking was
significantly greater then the toe water depth. (dp/ d; <<1) causing the wave to become
overly steéep and begin spilling offshore of the wall. On impact the velocity of the wave
is significantly greater then the rise in still water level at the wall (vy / tzv >>1). The
impact of the bore at the seawall is less violent due to the dampening effect of the
turbulent foam bore. In the case of the well- developed plunging breaker breaking occurs
just before the wall (dyp/ d; <1). This causes the stlll water level at the wall to rise at an
increased velocity compared to the turbulent bore (vi /v, >1). During wave impact a
large air cushion is trapped next to the wall, becoming highly compressed and

producing a vertical jet of water and si gniﬁeant spray.

In the case of the plunging breaker, wave breaking water‘deptvh is less then the'w'ater
depth at the wall face and wave breaking occurs closer to the wall (dy/d,; >1). The
increased water depth at the wall, is a result a rapid increase in the vertical velocity of
the water level in front of the wall and is close to the velocity of the incident breaking
wave (vy /v, > 1). This reduces the air cushion trapped at the wall compared to the
well-developed plunging breaker. In the last case (Upward deflected) wave breaking
commences very close to the wall, this causes the water velocity at the wall face to
1ncrease very rapldly, causing the water level to exceed the expected point of wave crest
impact at the wall (db/ d.>l, vy /v, >>1). As a result, a wave horizontal impact does
not occur, 1nstead the wave is directed upwards, marking the threshold between

~ reflective and impacting wave / wall interactions.

The criteria above can be applied to describe wave breaklng at seawalls. Though four
keys types were identified by Oumeraci et al. (1993) it is 1mportant to emphasise that on
a natural beach, variations in beach slope and an irregular wave spectrum will producea
range of breaking wave types ranging from turbulent bore to unbroken reflective waves,

though one type may be more prevalent.

10
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2.2. Seawall structures and failure

2.2.1. Structure types and construction

The primary aim of a Vértical seawall structures is to hold the coastline position and to
reduce the risk of coastal flooding. The vertical orientation-produces a smaller f_ootprint
than other defence types (é. g. rock revetfnents) and by their nature, walls are a structure
people are familiar with. Modern seawalls are typically cast insitu with reinforced
concrete or using precast interlocking concrete units. Older seawalls were constructed
using regular shape blockwork or mass concrete With'a masonry facing. The wall cross
sections in Figure 2-4 represent typical configurations of seawalls found around the UK
coast. Sloping seawall structures are also common and typically vary from a slope of
1:1to 1:4. Though performing a similar function to vertical walls, they occupy a larger
plan area, which requires additional space behind the defence line or construction of the

structure out onto the foreshore which may not be viable.

MHWS
=

;| Beach material

CERAE Y

Promenade Precastconcrete |

Load 5earing
stratum

Mass concrete
fitter

Figure 2-4: Typiéal seawall cross sections (from Thomas & Hall, 1992).
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To prevent undermining, seawalls are generally founded on hard bed rock. Where this

is not possible or the wall foundations are already susceptible to scour, sheetpiles can be

“used to extend the seawall toe. However this solution is expensive, and often only

 represents a short term solution, as the increased water depth in front of the structure

permits larger waves, which increase the risk of further scour and erosion (Cooker &

Peregrine, 1990);

222.  Seawall failure modes

With a low beach level and waves breaking onto the wall face, sediment can becorﬁe
mobilised, leading to scour.and expdsing the wall foundations to wa\}e action. In tufn,
the bearing material supporting the wall can be eroded, causing total failure through _
sliding or overturning (Figure 2-5a). If the scour extends beneath the wall, this can lead
to the supporting backfill being washed out, caiusing _damage to the promenade and

services located behind the wall.

Risk of sliding

/ failure or overturning

4

Potential loss
of backfill

Exposed foundations
at risk of damage

..... a
Rotational failure in
/ supporting material
Scour offshore
. of seawall
b

Figure 2-5: Seawallv scour failure modes
When scour occurs further offshore (Fi gﬁfe \2-5b), and combines with significant
overtopping or rainfall, saturating the ground behind the wall, rotational failure can
occur in the beziring soil, leading to a sudden seaward movement of the slope and
seawall. Reducing the risk of this type of failure is more complex énd would require
detailed geotechnical investigations to determine the failure plane and possible remedial

options. Sloping seawalls are also at risk of this type of failure, but are less prone to

12
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overturning and sliding due to their wide cross section profile; though the potential for

undermining and foundation damage remains.

223, Evidence of failure due to scour

A survey of local authorities in the UK revealed that toe erosion was responsible for
33% of all seawall failures and indirectly responsible for a further 5%, including failure
through breaching and loss of backfill (CIRIA, 1986).This is expected to be amplified

by sea level rise and any increase in storm activity associated with climate change.

The collection of field and visual scour measurements remains difficult due to the high
energy environment in front of the wall. Furthermore, it is likely that infilling occurs
during the falling tide or receding storm conditions, hiding any damage that could be
visible at low tide (Powell & Lowe, 1994). Occasionally photographs have captured
what appear to be scour troughs or runnels along the toe of the wall, however the size

and extent of these features at the peak of the storm remains unknown (Figure 2-6).

Figure 2-6: Southbourne, Dorset UK. A trough at the toe of a sloping seawall

Case study — Seaford, East Sussex

A well known example of beach erosion and potential for seawall failure occurred at
Seaford, East Sussex during the early 1980s. Following construction of a harbour wall,
the longshore supply of sediment was reduced, leading to erosion of the shingle beach,
allowing waves to break onto the seawall. During storm events, scour close to the wall
toe led to further removal of material exposing the foundations and causing partial
collapse of the promenade (Figure 2-7). Total failure would have caused severe erosion
and flooding of the town located behind the wall. The ability to accurately predict the

scour depth would have enabled these risks to be assessed and mitigation measures

13
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implemented if required. In 1987 a coastal protection scheme was implemented to repair

the seawall and to re-nourish the beach, preventing further scour.

Figure 2-7: Seaford- East Sussex, vertical seawall with exposed toe ¢.1983.
From Sutherland et al. (2003)

2.24. Future shoreline change and toe scour risk

Looking to the longer term (50-150 years), climate change research acknowledges that
sea levels are rising. Though precise predictions remain subject to speculation, current
Defra guidelines suggest the greatest sea level rises will occur in Southeast England due
to a combination of rising sea level and falling land level. The guidance suggests an
allowance of 4 mm per year should be made up to 2025. Beyond 2025 the rate of sea
level rise is forecast to accelerate leading to a rate of 15mm per year from 2085 onwards
(Defra, 2006). In this scenario, beaches where the defence line is held or which suffer
from an interrupted sediment supply will gradually diminish in width, as predicted by
Brunn (1962). Without human intervention, the long term beach levels will drop,
exposing structures to increased wave activity, and initiating a feedback cycle where

higher wave energy can reach the structure, causing further erosion.

Without an understanding of the occurrence and likely scour depth, the risk of failure
cannot be anticipated in the design of new coastal structure, nor the risk managed
adequately in existing structures. When a seawall fails, the damage due to flooding and
erosion can be severe and in some locations could lead to loss of life and significant

economic damage. Furthermore repairing a damaged structure following scour, is both

14
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costly and difficult to implement as beach levels have often fallen below the mid-tide

level.

2.3..  Modelling seawall scour

The coastal zone involves complex interactions between physical structures, geological -
sediments and h'ydraulic processes which vary over a variety of different temporal and
spatial scales. The key scour variables and notations used to describe wave and scour

elements in front of seawall structures are denoted in Figure 2-8.

( Shallow water) (Offshore)

=
‘
i | -
H, i 1H0
; , SWL
‘ N 4
i %
: d
]
]
! A
‘Toe scour
d,—Toe water depth (m) v ‘ A Hy — Offshore wave height (m)
d,- Water depth a point of wave breaking  H, — Breaking wave height
S;— Scour depth at wall toe (m) Ly — Offshore mean wavelength (m}
S~ Maximum scour depth on beach (m) T, — Offshore mean wave period (s)

Figure 2-8: Seawall scour risks and key parameters
The wave parameters can be considered as either offshore where the water depth (d) is

significantly greater then the significant wave height (Hp), intermediate waves, or

shallow water waves where the water depth (dp) is approximately equal to the wave ,

height and wave breaking occurs (H,). In all cases the parameters refer to the
significant wave height. Where regular waves are referred to, the pararheter H is used

and the water depth specified.

Scour can occur both at the seawall toe (Sy) and also on the beach profile (S,,) further
offshore. Observing scour in the field environment is difficult, as the profile changes
occur at the seabed and are the net result of various hydraulic and sediment transport
processes. In an attempt to contrbl thesé Variablés, and to observe and measure scour

depth, experiments can be conducted within scaled physical models to provide a
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simplified, repeatable simulation of the coastal environment, which can also be used to

test prototype designs (Hughes, 1993).

Physical model experiments investigating cross shore transport are typically constructed
in long, narrow flume channels (Figure 2-9). The size of the flume, i.e. the model scale,
limits the maximum wave height that can be generated, which in turn dictates the scale
of the hydrodynamic and sediment transport processes. Therefore establishing the

correct model scale is critical in planning and executing a research study.

Figure 2-9: 40 m 2D wave flume, HR Wallingford UK.

2.3.1. Model scale

The model scale refers to the ratio between elements in the model and the prototype
situation (Equation 2.1). This is typically the length scale, hence the scale ratio would
be termed Ny, other ratios include Nt (Time) and N, (Gravity). When a model is scaled
by its length and remains true in both x and y directions, the model is said to be

geometrically undistorted.

Variable p, . orpe) (2.1)

Variable ;.

Scale Ratio= N | =

Table 2-1 categorises a range of model scales, with their respective scale ratios, flume
dimensions and wave heights, and was used as a point of reference when considering

existing physical model tests and literature.
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Table 2-1: Model scale categories

oo . : Typical
Criteria Scale factor
_ Wave height Flume length Flume depth
Large scale 1:1to 1:5 >0.5m 100 m 5m
Medium scale 1:5 to 1:20 0.15mto 0.5m 50 m 2m
Small scale 1:30 to 1:100 <0.15m <30 m <1lm.

Therefore in an undistorted large scale model of length scale 1:2, the beach length,
structure and wave height would be 50% smaller than those occurring in the prototype,
clearly this would requlre a very large flume, which wculd be both costly to construct
and commission. When the scale factor is increased, a smaller flume can be used. These
are simpler to setup ahd_ cheaper to run, however‘mairltaining the similitude of the fluid
flow (kinematic similitude) and wave forces (dynamic similitude) becomes increasingly
difficult. Where similitude cannot be maintained, unwanted effects occur, and have the

potential to compromise the reliability of the model results.

Scale and laboratory effects

Model effects can be categorised as either laboratory effects or scale effects. Laboratory
effects are elements present in the natural environment which are not included in the
model e.g. wind stress, saline water. Though it is possible to incorporate these items
into a model, in most cases the benefit of including them is outwelghed by the pract1cal
d1fflcult1es of recreating them accurately in the laboratory (e.g. scahng both
hydrodynamic and aerodynamic processes together). Furthermore, the use of saline

water is highly corrosive to the sensitive equipment used in the laboratory.

Scale effects refer to the difficulties of working at a reduced scale compéred to the
prototype. This principally affects the fluid density and viscosity due to the use of the -
same ﬂuld (water) in both the model in prototype. These effects become particularly
1mportant when attempting to model phys1cal processes such as sed1ment transport and

air entrainment at small scale

To analyse the deviation of a model from prototype, scale laws can be applied. The
Froude and Reynolds number are considered to be the most useful when physically
modelling hydraulic processes (Hughes, 1993). The Froude number (Equation 2.2)

r_epresents the balance between the force of inertia and gravity. The Reynolds number
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I

(Equation 2.3) represents the balance between inertia and viscous forces and can be

used to distinguish between laminar and turbulent flow.

Froude Number = Fr = —— (2.2)

Tod

Reynolds Number =Re = VL - - : (2.3)
. -

Where g = Acceleration of gravity (9.81 ms™) and v = Kinematic coefficient of viscosity
(1.36)(10'6 m?s™, fresh water, 10°C). The remaining variables are taken to equal
representative quantities within the ﬁlodel. For example, V =Velocity scale (ms™) could
equal the sediment fall velocity, wave celerity or a current speed. Similarly, 4 (m) the

depth could also represent the length scale.

Scale ratios can be calculated for both equatioh (2.2 & 2.3), in a similar form to the
length scale presented in Equation 2.1. By modifying the model length and velocity
parame;ters,' is it possible to échieve siﬁlilitude between model and prototype (i.e.
Fprototype = F7 model). However, it is not possible to maintain similitude of both Froude
and Reynolds numbers at the samé time, in the same model. Therefore in the coastal
zone, when modelling surface waves, where gravity forces can be assumed to dominate
over viscous forces, the Froude scaling is usuélly applied and the Reynolds scaling

compromised (Hughes, 1993).

Equation 2.2 can be used to determine the Froude length scale ratio and to calculate the
model size required to maintain similitude. H}oWever when deterfnin\ing the velocity
scale factor (V,), the time and length scale must both be scaled using Equation 2.4 to
remain dimensionless. Within the equation, N, the gravity scale ratio, is assumed to

equal one and is typically omifted from the calculation.
Velocity scale ratio= N, =,/N,.N, - (24

Table 2-2 below demonstrates the effect of maintaining Froude similitude on the wave
characteristics for a range of ’model sizes, using a protOtype wave condition H =2 m,
T=8s,L=100m. -
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Table 2-2: Effect of model scale on wave parameter using Froude scaling

Scale Scale ratio H (m) L (m) T (s)
Fullscale |  L:I' 2.0 100 8
Medium scale 1:10 02 10 2.5
Small scale 1:40 - 0.05 25 . 1.3

Scaling sediment transport

Though the correct wave geometry can be obtained thfough Froude similitude, when
mbd_elling sediment transport, the size! of sediment must also be scaled correctly. The
key forces acting on a submerged suspended particle are the.viscous drag and gravity.
By applying the Reynolds scale ratio, the deviation of these factors from model
similitude can be measured and the potential‘for sediment transport scale effects _
estimated. Table 2-3 compares the Froude and Reynolds scale ratios of the examples in
Table 2-2, using the sediment fall velocity as the numerator in Equatidns 2.2 & 2.3 for

model and prototype. Sediment fall speeds were derived from Soulsby (1997).

Table 2-3: Comparison of Reynolds scale ratios and Reynolds number for

a range of experiment scales and particle sizes

Proposed model sediment Model scale ratio
Scale H, (m) Indicative Fall velocity :
: - Length | Froude | Reynolds
grain size(mm) (m/s) :
“Full scale 2.0 7030 0.0500 1:1 1 1
Medium scale 0.2 0.10 -0.0080 1:10 1 33
Small scale 0.05 0.04 - 0.0014 1:40 1 152

In the table, the Reynolds scale is distorted in small and medium scale experiments; as a
result of using water in both the model and prototype, which causes the viscosity to be
too high in the model. This scale effect increases the particle drag and the boundary
layer at the water sediment interface, consequently the threshold for sediment
movement is increased and it is more difficult for particles to be lifted in suspension.
Suspended sediment transport is a key process in the movement of particles on a sand
beach, and therefore critical to toé scour, wheré turbulent wave breaking and high

velocity flows occur in front of the wall.
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In the medium scale example, where the wave height was‘ large-compared to the
sediment diameter, the wave generated velocities (hence energy) would be sufficiently
to dominate over the effect of the increased viscosity. However in the small scale tests,
the Reynolds scale ratio were even greater,vsuggesting that viscous forces would be
dominant and act to impede suspended sediment transport. Even if the Reynolds scale
was relaxed and Froude similitude enforced, fhe small scale test would require a D <
0.06 mm. This would contain a‘signiﬁcant proportion of silt material which would be
‘washed out changing the materialv grading; furthermore when D < 0.06 rhm, the bed
shear stress threshold increases due to the development of viscous inter-particular
forces, which change the character of the material from granular to cohesive. The
smallest diameter sand avaiiable has é typical méan diameter (Dsp) of around 0.1 mm,

despite this would continue to be transported as bedload in a small scale flume.

Researchers have attempted to overcome these issues using lightweight sediments with
a distorted fall velocity. The fall velocity represents the balance between gravity .pulling
the sediment pé.rticle mass towards fhe bed and the drag on the particle, which is
dependent on the water viscosity and particle diameter. By maintaining a sediment
particle size in the grain size range, ﬂocculatfon is prevented and the drag is increased.
To offset the increased mass, the particle density is reduced using plastic materials e.g.
Bakelite (Bettess, 1990). This produces a material with a slow fall velocity which is
easily suspended. However these particles are often angular in shape and have tendency
to stick to the water surface due to surface tension, therefo_rc they are not widely‘ used in

coastal scour research.

Alternative methods for achieving suspended sediment transport include Dean (1985),
who 'supportéd by Hughes & Fowler (1991), suggested the Dean fall speed parameter
should.be used to maintain Froude kinematic similitude between the prototype and

model sediments (Equation 2.5);

D= {f]‘: } - - . 2.5)

stp

Where Hy (m) is the significant wave height, w; (ms'l) is the fall speed of the mean
sediment diameter and T}, (s) is the'péak wave period. The equation represents a balance

between wave forces lifting the sediment and the gravity driven settling velocity of the
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partiéles towards the bed. When investigating toe scour, Xie (1981) proposed a similar
mobility number for maintaining similitude and suggested that if the threshold in

Equation 2.6 was exceeded, suspended sediment transport would occur in the model.

(2.6)

Where Ug, (ms™') is the maximum value of orbital velocity at the bed and U,, (ms'l) is
the critical velocity for incipient sediment transport. The equation represehts the |
balance betWeen the wave gen_erated peak bed velocity, which causes sediment
-suspension and velocity of the sediment falling back to the bed (). Taking forward
Table 2-2, but using the smallest diameter sahd possible in fhe small and medium scale
experiments, Table 2-4 demonstrates the Dean fall speed parameter (Equation 2.5) and

Xie mobility number (Equation 2.6) for a range of tests conditions.

Table 2-4: Model scale based on Dean fall speed parameter and Xie mobility number

Scale Grain size | Dean fall speed | Xie mobility
Scale . H (m) ' o
' : ratio (mm) parameter number
Full scale 1:1 2 0.3 5.8 47
Medium scale- 1:10 0.2 0.1 5.8 40
Small scale 1:40 0.05 0.1 2.9 18

While similitude can be maintained be_tween. the fall speed pa{rameters in the full and
medium scale tests, the limited sand diameter available for the small scale test prevents
this model reaching similitude. The Xie mobility number indicates that in the both the
full and medium scale conditions, 'suspénded sediment transport would occur, however
the small scale test is close to the threshold, indicating that a degree of bedload transport
would also occur, and highlights the risk of conducting small scale sediment transport

. studies to investigate seawall scour.

Summary of model scale criteria

Achieving similitude for both Froude and Reynolds numbers is not possible; therefore a
compromise solution must be sought. In the case of modelling coastél scour, Froude
scaling is the most appropriate with the Reynolds similitude relaxed. The investigation
of the Reynolds number and sediment mobility.numbers for a range of model scales, |

demonstrated that the smallest sand a\}ailable (Dsg= 0.1‘ mm) should be used at
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- minimum of medium scale, with a wave height of 0.2 m or greater to achieve sediment
suspension and avoid the effects of cohesibn. Small séale experiments, which are
relatively inexpensive to conduct and quick to setup remain useful When conducting
hydraulic studies into wave impacts andv flow processes at the seawall structure, but do

not accurétely recreate suspended sediment transport.

24.  Summary -

This chapter examined the different type of seawall structufes and the wave and

sediment transport processes occurring in front of thenﬁ.lnterruptions in the seditnent
supply and the effect of sea level rise were shown to cause the beaches fronting these

.' structures to lower and as a result allow wave actioﬁ to reach the wall. Waves breaking

" onto the seawall were found to either break before, onté, of remain unbroken and be

reflected offshore. Wave breaking induces turbulent and causes erosion at the toe of the

wall. This can lead to structural damage, undermining and eventual failure, resulting in ‘

coastal €rosion and flooding.

Field evidence of toe scour is largely based upon anecdotal evidence and visual
observations due to the harsh energctlc environment, forcing researchers to build scaled
physical models. Model tests require careful planning due to the choice of vrv’nodel fluid
and sediment being limited. Reliable results can be achieved by applying apbropriate
scaling rules. However it remains difficult to achieve suépended sediment transport in

- small scale tests. These obéervations suggest a need for collection of new physical

model data at medium scale and field data to validate these experiments.
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3. Literature review
This review is split into five sections. The first section provides an overview of key
literature reviews already conducted in this field; the second investigates existing field
research into the broad scale interaction of storm events and the beaches and anecdotal
, field evidence of scour. The third and fourth sections review the results of 2D &3D
” physxcal model studies and of reported numerical modelling. The final SCCthl’l sets out
the current design guidance for the prediction of to€ scour, before establishing the future

research requirements.

3.1. Existing literature review conclusions

The review entitled “The effect of seaWalls on the bedch”, by Kraus (1988) included a -
comprehensive analysis of laboratory model studies, field experiments and conceptual
arguments. He proposed in the short term, that beaches with seawalls undergo similar
changes to adjacent natural beaches. In the longer term seawalls impound sediment and
prevent erosion, leading to a slow reduction in beach levels. However this was not the
case at the seawall toe and at the end of the structure, where significant short term

processes could cause highly localised erosion.

Based on small scale physical seawall model tests and supported by additional
breakwater studies with flat beach proﬁles and non-breaking reflective waves (i.e. out of
~ the surf zone), the review recommended that the maximum scour depth would
approximately equal the deepwater incident wave height, though it was noted that the
scour process was highly complex. The review highlighted the importance of reflected

waves in the scour processes and the need for more frequent coastal monitoring.

In their updated review paper (Kraus & McDougal, 1996), an array of field and
laboratory expenments were added to the earlier review to explore beach and seawall
interaction. Spec1ﬁc to toe scour these included two medium scale physical model tests
and additional field monitoring studies of beach profiles. However, no direct
measurements of field scour were available. The authors retracted their previous
conclusion, that wave reflections were critical to toe scour, which was found to be

. biased by the dominance of breakwater studies in their existing review. The review
presented a wealth of information to show seawalls have no short term adverse impact

on beach level erosion and recovery compared to unwalled beaches. The maximum
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scour was suggested to occur at the highest water level, as this would allow the largest

waves to reach the wall and cause sediment suspension, which would be transported by ‘

currents. The hydraulic processes occurring at the wall face, and the possibility that
wave impacts and vertical flows could affect scour were not discussed. The authors
appear to place significant confidence in their own work in Kraus & Smith (1994),
which supports these conclusions, though they only conducted three medium scale tests

(Hp =0.7 t0 0.8 m) using a seawall. -

The review recommended that addltlonal flume experiments be conducted at both
medium and full scale to overcome scale effects present in the small scale tests
reviewed in the previous study. They reinforced the need for field measurements from
the perspective of developing long term beach profile trends; this recommendation

seems to overlook the need to measure short term toe scour events too.

Sutherland ez al. (2003)’s review followed and produced a comprehensive scoping
study report for Defra. The study investigated beach lowering in front of coastal
structures and was the first to consider both the medium term morphological effect of
seawalls on the beach and the short term localised scour effects.. The review included
discussion of bdth reflected and breaking wave flows and the effect of the tide which
would limit the water depth, hence the risk of scour at the structure.

The review criticised the use of small scale sediment transport physical models, due to

 their severe scale effects and emphasised the need to collect field data. It was suggested

that scour may be a relatively short lived phenomena perhaps peakmg at the height of
the storm, when it is not possible to make beach profile measurements then infilling
before evidence can be collected: This hypothesis was supported by the work of Powell
& Lowe (1994), who eonducted shingle scour modelling at the same institution as
Sutherland. Sutherland et al. (2003) recommendations led to the funding for the Defra

beach lowering study project, and formed part of the author’s own research.

Based on these comprehenswe reviews, my review focused on literature pertinent to
localised scour at the toe of seawall structures w1th sandy sediments. The review did not
include scour at shingle beaches, as only two studies (Powell & Lowe, 1994., Loveless

& Grant, 1995) had been conducted.
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- 3.2, Field studies- interaction of storms and beaches

To put the seawall scour literature into perspective, the larger scale processes that occur

when beaches are exposed to storm conditions were briefly considered.

Field research by Wright & Short, (1984) put forward the cOncept of reflective and
dissipating beach profiles, where sandy beache's tended to form bars and dissipate
energy oveh a wide surf zone and coarse shingle beaches form a steep profile, reflecting
wave energy offshore. Using this generic categorisati.on other researches have extended
this work by collecting beach profile measurements during storm conditions.

Lee et al. (1998) collected beéchprofile measurements through the surf zone at Duck, a
sandy beach in North Carolina USA, using a towed carriage, before, during ahd after a
moderate storm (H,,, >4 m). The results c_ohfirmed that beach material was transported
from the upper beach face and deposited offshore to form a bar, in response to
increasing wave height. As the storm diminished the new material, being uncompacted,
\;vas rapidly transpbrted_back onshore. This study highlights the mohility of beach |

- profiles and the cautious use of post storm beach profiles to detect small scale, short

duration processes, such as toe scour.

Dean (1986) reasoned that beach profile changes were also likely to occur at beaches
ffonting coastal structures, suggesting the depth of scour would equal the area of sand
that would have been transported offshore if beach prbﬁle was not irhpounded by the

- wall. The physical model studies of Barnett & Wang (1998), Kamphuis et al. (1992),
McDougal et al. (1996) support this concept. However the balance of scour and
accretion was found to be out of eciuilibrium. It also seemed unlikely that this transfer
could continue ad infinitum, as the increased water depth would eventually reduce
sediment transport at the bed. Until cross shofe beach profile field measurements are
conducted on a beach with a seawall, this theory remains unproveh and does not explain .
why a loéalised trough would form ét fhe wall toe, as witnessed in physical model

" experiments.

Though beaches are often studied in 2D, the possible effect of 3D and longer peridd
motions (> 60 s) was briefly considered. Russell (1993) measured a range of nearshore
processes including undertow currents and infragravity wave processés in the surf zone

- on a sand beach. The experiment demonstrated that although wave breaking and
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shoaling may appear relatively consistent, the longshore, cross shore and internal flow
processes occur over a range of temporal and Spatial\scales. In particular'cross shore
flows can become entrained at seawalls to become longshore flows. Though forming
part of the overall sediment transport process, these flows were considered less

~ important then the dominant cross shore effect of wave breaking and wave reflection.

3.2.1, Field evidence of toe scour

Physical evidence of toe scour in the field remains elusive. Despite seven years of
routine beach profile monitoring in Monterey Bay, California, Griggs ef al. (1994)
found no evidence of scour trenches in front of any of the seawalls surveyed. It was not.
clear how soon after a storm the profiles were collected, and is therefore possible falling
tide or receding storm conditions rapidly reworked the beach. Without continuous
meésurements it is not possible to conclude either assumption, therefore routine beach

profile measurements were excluded as a source for toe scour data.

A body of anecdotal evidence does however femain. In a meeting of leading coastal
engineers (ICE, 1985) toe scour was proposed as the most common cause of seawall
failure and was followed by a survey of UK local authorities (CIRIA, 1986) to
determine the most likely form of damage to seawalls. Of all the reported seawall
failures, toe scour was identified to be the most common cause (34%) and was a
contributing factor in a further 5% of cases, through removal of backfill and breaching.
To the author’é knowledge a similar survey has not been reportéd. However, news
articles and continued interest at conference events, suggests that scour is a continuing

concern for coastal engineers and managers.

Occasionally p'rofesSionals have provided photographic evidence of toe scour features
(Figure 2-1a, 3-1, 3-2). These often show troughs or runnels along the toe of a seawall,

however the size and extent of these features at the peak of the storm remains unknown.
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Figure 3-2- Summerplace, Florida,USA. Trough below vertical sheet piles (from Clark, 2004).

It is suggested these features did not completely infill due to the storm wave height
decreasing rapidly or tide levels falling before the beach could establish a new
equilibrium profile. In the case of Figure 3-2, the photo was taken on the Florida coast
following hurricanes Francis and Jeanne, where it would be expected that significant

offshore sediment transport would have occurred under these exceptional conditions.

Several authors have collected post storm scour data from breakwater structures (e.g.
Silvester & Hsu, 1997; Sato et al. 1968). These established that toe scour is often equal
to the offshore significant wave height, and that agitation by reflected waves followed
by transport by currents appeared important. However transferring these results inshore

to seawalls is difficult, due to the effect of tidal range on the water depth.
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Though not directly concerned with toe scour, Miles ez al. (2001) collected
simultaneous sediment transport data from a walled and non-walled beach at
Teignmouth, UK. The short dataset included suspended sediment concentrations, the
current velocity and the incident wave conditions. Under relatively mild, ‘dissipative’
conditions, (Hp 0.2 to 0.3 m), slight accretion was noted on the beéch, whereas\/no
accretion occurred af the seawall. No toe scoﬁr troughs were observed during the

experiments.

The suspended sediment concentrations were found to be up to three times higher in

front of the wall, due to incident and reflected waves moving sand into suspension.

Longshore currents were also found to be higher at the seawall, indicating the potential

for longshore tfansport. Under similar conditions cross shore transport was greatly

reduced at the seawall and the net transport was lower due to the phase of the wave

reflections (Milés et al. 2001). Unfortunately these observations were only collected . ]
under in mild conditions, but highlight the need to achieve sediment suspension in

| physical model experiments.

There have only been three attempts to collect real time beach level data from. the toe of

aiseawall. Two of these studies, at Blackpool and Southbourne using HR Wallingford

Tell-Tail sensors, are presented in Section 4. ,A..further study conducted at Teignmouth [
using the same 1nstruments as part of COAST3D (HR Wallingford, 2001), did not ‘
reveal clear ev1dence of toe scour due to a highly mobile shingle layer. These _ ' ‘
experiments were severely limited to just two point measurements, with low resolutlon \‘
due to the highly robust design necessary to withstand the intense forces and flows

occurring in front of coastal structures. A detailed field monitoring campaign to observe ‘

both beach profile and toe scour in unison has yet to be conducted.

The lack of field research literature supports Sutherland e? al. (2003) who emphasised
the need for further monitoring experiments and improved sensor designs to enable
collection of data for validation of model results. At present the combined effect of

wave breaking and turbulence on sediment transport and the resulting toe scour can only

be observed in detail within physical models.
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33. Coastal physical models

. Coastal physrcal models typ1cally consist of erther large shallow basms to generate 3D
' ~coastal processes for an entire section of coast, or narrow tanks with deeper water to
represent a 2l) cross section of the shore profile. Most seawall physical model studies
“have been conducted using 2D ﬂumes .asthese _enable larger wave heights and simpler
interpretation. However, the waves are limited to a shore normal directiori. Arangeof
2D rnodel studies were revieWed based on their scale, followed by a review of two 3D -

experiments relevant to seawall sediment transport.

331, 2D Physical modelling of seawall toe scour

Past studies | , : |

The earliest research into scour at vertlcal seawalls was publrshed by Russell & Inghs
(1953) who used fine sand and small scale regular waves (H 0.07 m) to simulate the
effects of tide on a beach before and after 1nstallat10n of a seawall. In the tests, a vertical -
structure was inserted into an equilibrium beach prof1le This caused an immediate drop '
in nearshore beach level at the wall, though thevbeach profile further offshore remamed
relatively unchanged. These changes were attributed to turbulence‘and the effect of
reflected Wa\"C‘S',V with maximum scour equal to the incident wave height and localised at
the top of the beach profile. The results suggested erosion would cease wh_e‘n« the water
depth at low tide equalled the wave height, i.e. the waves would break. The authors | _
‘proposed that scour depth would remain less than the incident wave height, a ‘rule-of—

thumb’ still used by coastal engineers today.

Ichikawa (1967) conducted a range.of breakwater tests at small scale using sand |
" Dsp = 0. 23 mm. Though modelling breakWaters the tests utilised broken, breiaking and
reflected waves by varying the water depth The key f1nd1ng was that maxrmum scour
occurred at the wall toe, increased with wave height and was greatest when curlrng
breakers fell onto the face of the breakwater. Figure 3-3 shows the scour depths for tests :
" which produced plungmg breakers. The relatlve scour depths appear greater then those
: reported by Russell & Inglis (1953) -and Would appear to be a result of the steep beach
slopes used in the tests (1:5 & 1:10), which would be expected to flatten to a more.
- natural slope exaggeratmg the toe scour depth. In the majority of cases the maximum

scour depth did not s1gn1f1cantly exceed the incident wave height.
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Figure 3-3: The effect of wave height on the toe scour, for plunging breakers.
X= 1:5 slope, 0=1:10 slope (from Ichikawa, 1967)

Despite conduéting several similar teéts, it is not clear why Ichikawa (1967) did not
observe the reflected wave sediment transpoﬁ patterns reported by Herbich & Ko
(1968) who conducted tests at a similaf scale, using only non-breaking waves. This
paper was the first to show that the scour and accretion regions on the beach profile
follow the orbital flows associated with the non-breaking reflected waves. This pattern
of scour is clearly different to the processes observed by the previous authors under.

breaking wave action, highlighting the importance of water depth in the scour process.

Sato et al. (1968) conducted both small and rhediurn scale 2D tests into the effect of
reflection dominated sediment transport on breakwater structures. The tests used a sand
bed (Dso = 0.2-0.7mm), regular period waves and radioactive tracers to observe the
sediment transport direction; however no comparison was made between the different
model scale results. Scour was observed to occur by two different précesses depending
on the position of the wall in the surf zohe. When placed in the offshore zone, sediment
erosion and éccretion coincided with the standing wave pattérn generated by reflected
waves. At the wall, flow velocities were reduced, causing sediment accretion, which had

the potential to infill any earlier toe scour.

When the wall was placed further inshore, rapid scburing océurréd due to breaking

- waves jetting.down into the bed and suspending sediment. The eroded material accreted

further offshore, however the volume of accretion was found to exceed the scour
volume, suggesting some of this material was transported from further offshore: Low
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steepness waves, i.e. long period, were found to cause the deepest scour, which was
exacerbated when the wall was placed near the wave plunge point. A series of four
scour types were proposed. The maximum scour was suggested to not exceed the

offshore wave height.

These tests were compfehensive and included a range of regular period Wave breaking
conditions and structures. Howevef, the 1ack of experimental detail limits the useful
data that can be extracted. In particular it was not clear at which scale certain results and
conclusions were drawn from. Despite this, this paper was the first to publish evidence

of both reflection driven scour and wave breaking scour processes together.

Adopting a similar method, Song & Schiller (1977) conducted small scale scour
experiments on a seawall at different positions across the surf zone, using fine sand
(Dsp=0.17 mfn) and regular anes (H: 0.04 to 0.07 ’m). The deepest scour occurred
when the seawall was placed rriid way between the wave break vpoint and original
shoreline position. When the scour depths obtained by Sato et al. (1968) and Song &.
Schiller (1977) are compared, the small scale tests compare well and both show scour
decreasing with increasing wave steepness. However the magnitude of scour in the
medium scalé tests conducted by Sato et al. (1968) was greater then that predicted by |
Song & Schiller (1997), highlighting the scalé ‘problems associated with modelling

sediment transport at small scale.

In modelling a permeable breakwater, small scale experiments by Hotta & Marui (1976)
-were the first to suggest that beach profile change and scour can occur together, as seen
in Ichikawa (1967), and to highlight the need to define a common baseline to |
distiﬁguish between these two processes. This is also of importance when collecting
post-storm beach level measurements,l which are meaningless without knowing the level

and shape of the pre-storm beach profile.

With the exception of the two medium scale tests conducted by Sato et al. (1968), all
the preceding .research was conducted at small scale using regular waves and would
therefore have included significant scale effects. The use of regular period waves would
also tend to promote reflective wave patterns. .Though the qualitative results from these

tests are useful, the quantitative scour depths and prediction formulas may have been
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compromised, as they> are likely to be dominated by bedload transport processes. Theyb

were not considered further.

" The seawall versus the beach debate

Between 1973 and the late 1980s, coastal scour research appeared dominated by studies
~ investigating reflective wave processes at deepwater breakwa.ters Tniswas perhaps |
driven by their i 1ncreas1ng popularlty for harbour protect1on around this period and some
notable failures prior to this date (French 2001). Further 1nshore research 1nto seawall
problems concentrated on the overall effect of these structures on the beach, fuelled by '
an ektensiy_e discussion on the positive and negative aspects of hard engineering |
structures on the coastline. The argurnent and debate stimulated by this issue is depicted
well in a series of papers in Kraus & Pilkey (1988) special issue of the Journal of

Coastal Research-“The effects Aof, seawalls on the beach”.

Recent studies ,

- Xie (1981) undertook a comprehenswe study of sedlment transport pattems and particle
velocities in front of a vertical breakwater. The study was the first to utilise both regular
and irregular period waves, different sediment diameters and enabled a comparison
between tests conducted at small and rnedium scale. Using both the 38 m & 46 m

flumes at Delft University, non-breaking irregular period reflective wave conditions

- (0.05 to 0.10 m) were ge'nera't‘ed over a flat sand seabed.

~ Using irregular period waves, a nodal scour pattern was formed, thich decreased in -
amplrtude with distance from the wall, and was unlike the linear nodal profile i in the

. regular wave per10d tests (Figure 3-4). The pattern was a result of vertical wall forcing
the irregular incident and reflected waves to occur in phase However, with i 1ncreasmg |
: ‘drstance, the two wave tral_ns became 1ncreas1ng1y out of phase, reducing the standing
wave height. These results suggested earlier regular wave ﬂume studies had
overestirnated reﬂective wave scour depths due to 'regulavr period enc:ouraging waves to

remain in phase over a longer distance from the wall.

Xie’s study also noted that the sediment diameter, hence type of transport (suspended or
bedload), dictated if accretion or scour Would occur at the wall or % wavelengths from
the ‘Wall (Figure 3-5). The direction of transport was found to be dependent on
streaming within the sediment bcundary layer. Larger sediment tended to be transported
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at bedload, hence were primarily driven by the boundary layer flow towards the node.
Smaller sediments achieved suspension, and were transported by the sfanding wave

field, this was directed from the hode towards the antinodes.
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Figure 3-4: Regular and irregulair wave bed scour profile (from Xie 1981)
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Xie’s thesis proposed a scour prediction equation, which was based on the wavelength
and toe water depth for regular period non-breaking waves (investigated in detail in
Section 5.1.1). In using only the results from the regular wave study, it is probable that

the scour predictor overestimates the depth of scour.

Xie (1981)’s results were repeated and extended by Irie & Nadoaoka (1984) using a
combination of small scale 2D tests (H, = 0.65 m) to observe the wave velocity field;
medium scale 2D tests to evaluate sediment transport; and a series of 3D tests to |
observe beach morphology (thése are discussed in Section 3.3.2). The terms N-type or
L- type transport were applied to describe sediment tranéport towards the node or io the
anti-node respectively, an identical process to that described by Xie (1981). The study
found that suspended sediment transport typically occurred when the wave orbital ‘
velocity exceeded the sediment fall velbcity by a factér of ten. On reflection, these
velocities would not have been achieved in the small scale studies preceding this

research, confirming previous suspicions regarding the dominance of bed load transport.

Barnett & Wang (1998) re-analysed Dean’s (1986) proposition that seawall scour
volume would be equal to the volume of beach material impounde‘d by the seawall and
hence unable to move offshore to produce an equilibrium profile. Small scale tests were
run where a vertical seawall was placed at various points on an equilibrium beach
profile. The beach profiles in the walled and unwalled tests remained similar. Though
toe scour was generated, it remained less then half the volume 6f sand material
' impounded.by the seawall. The water depth remained the key variable in controlling the
‘scour depth, with the hi ghest water lev_éls causing the deepest scour. Wave reflections
were considered less important. In reviewing the experimental setup, in each test the
wave height.to water depth raiio was around unity or greater, therefore wave bréaking

would have been dominant, as opposed to wave reflection as seen the in preceding

experiments..
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Investigating the effect of flow on sediment transport - _

To understand the scour process, it is important to first explore the fundamental
mechanics of sediment transport. In still water, granular sediments remain in place due
to the force of gravity and the interlock between adjacent particles (friction). When a
flow is introduced, lift is generated above the particles. In addition exposure to the flow
induces lateral drag. Sediment tranéport occurs when the liftv and drag forces are |
sufficient to overcome friction and gravity. By considering the water and sediment as
two separate layers moving over one another, these processes can be equated to a -

shearing stress.

With reference to scour, sediment particles will be transported in regions where the bed
shear stress exceeds the critical value for incipient sediment motion. Scour will cease
when either the velocity is reduced e.g. the scour increases the water depth, or the
sediment b_eeomes reconfigured into a more efficient shape which are less prone to

shear (e.g. ripple bedforms).

Hughes & Fowler (1991) conducted a small scale hydraulic wave flow study at the US
Army Experimental station in Vicksburg using a fixed seabed and non-breaking
reﬂecfed irregular pen'od waves (Hy=0.09 m) at a §erticai bvreakvs‘/ater. By collecting
measurements of near bed flow velocity, they identified regions of high shear stress and
applied these to the design of breakwater toe armour. These tests then were repeated -
using a movable sand bed and irregular waves, which confirmed Xie (1981) type

~ patterns of sediment erosion and.accretion corresponding to the flow regime. The

- authors assumed the deepest scoﬁr would occur at the position of maximum near bed
velocity / shear stress, suggesting scour would cease when the bed profile shape reached

equilibrium with the wave flow velocity.

Based on this assumption, the péper proposed a modification to the Xie (1981) scour
- prediction equation for"irr_egular waves, which led to an overall 55% reduction in
pfedicted maximum scour depth compared to the original regular wave period equation

(Hughes & Fowler 1991, p1897).

- O’Donoghue & Goldsworthy (1995) took forward Hughes & Fowler (1991) through a
series of small scale hydraulic model experiments using a vertical seawall, with

breaking and reflective waves. The results indicated that linear wave theory provided an
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acceptable method for the prediction of near-bed velocities at vertical walls. However
when the water depth was shallow and waves large -(Ho/ d; =0.63), the reflected waves
caused the incident waves to break in front of the wall. As a result, linear theory under
predicted the near bed velocities. It appears the authors were the first to measure the
increase in flow velocities at seawalls due to breaking waves, as witnessed Sato ef al
(1968), Song & Schiller (1977), and Fowler (1992) who suggested this would cause

increased sedlment suspension and toe scour.

Research 1nto non-breaklng waves continued at the same institution in Seaman &
O’Donogue (1996) who used a bed load transport model to study the growth of nodal
accretions under reflective irregular waves. The study demonstrated how the asymmetry
- of the near bed flows caused sediment ripples to.migrate, producing accretion at the
nodal points, and scour at the antinodes. ‘By using a hydraulic flow model with nodal
bedforms moulded from cement and a Particle Itnage Velocimetry (PIV) system, the lee
vortex formation led to the growth and eventual equilibrium at the nodes. These
experiments were the first to observe the hydraulio structure of sediment transport under

reflected waves; however this did not include an investigation of flows at the wall toe.

To draw together the various. scour mechanisms, Loveless (1994) attempted to provide a
descnptlon of the various scour processes that could occur in front of a seawall over a
range of toe water depths. Though the vertical scale of the scour shape is misleading and
significantly exaggerated, Figure 3-6 provides a useful summary of the key process -
thought to dominate scour. This paper provided a good rationale for researchers to
expand their limited perspective of the scour proceés beyond that dominated by either
wave reflection or breaking wave impacts. However the article is rarely cited in
subsequent studies. This was perhaps a result of its publication at a less well known
conference (2™ Conference on Hydrauhc Modelling, London) or the lack of

experimental data to support these assumptions.
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Figure 3-6: Various toe scour situations leading to scour in front of a seawall (from Loveless, 1994)

Unfortunately these concepts were not developed further; instead Loveless conducted
new research into scaling issues associated with shingle toe scour and sediment

quuefaction (Loveless & Grant, 1995. and Loveless et al. 1996).

Continuing the theme of wave flows at vertical walls, Gao & Inouchi (1998) used a
small scale sediment transport study (H = 0.05 -.0.12 m) to investigate the effect of
broken clapotis wave flows on vertical breakwater scour. In the study, regular period

. waves which had alreadly broken before reaching the seawall, were found to produce
deeper scour than either unbroken standing waves or waves breaking at the wall. Four
typés of scour pattern shape wefe identifiedv, which were dependent on the balance
between wave reflections transportirig sediment onshore, and waves rushing down the
wall face producing turbulence and offshore flows at the wall toe. Scour was found to
increase with wave héight, but was also dependént on the sediment diameter; larger-

sediments tended to be transported as bedload and accreted at the toe of the wall.
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The authors also-collected video images of the flow pattern and single point velocity
measurements in front of the 'wall. These confirmed the position of the node / antinode
wave profile, and the high velocity flows (0.4 to 0.6 m.s™") associated with wave:
downrush (Figure 3-7). Though collected near the Wall ihese measurements were less
detailed then the measurement collected usmg PIV by Seaman &O Donogue (1996),

but prov1de a useful 1ns1ght into the contrlbutlon of breaking wave flows to scour.
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Figure 3-7: Flow visualisation of broken clapotis wave following reflection from

a'vertical wall (from Gao & Inouchi, 1998) -

Tsai et al. (1998) conducted series of 2D .ﬂQW visualisation experiments using sloping

* seawalls and determined the downrush component of the flow at these structures. The
flow tended to peak when waves broke at the_ toe of the wall causing a strong down
rush, a rotational‘toe vortex and turbulence. Tt was suggested these flows cou'ldv .
e_xacerbavté reflection driven scour. Unfortunately the effect of do_w_nr:ushvon sediment

- transport was not meaSured however the potential for these flows to contribute to scour’
under breaklng waves was demonstrated. These flows were already known to exist at -
vertical walls (Gao & Inouchi, 1998), though their effect and magnitude at shallow and

intérmediate toe water depths (Ho/ d; <2) has yet to be determmed.
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" Recent seawall sediment transport studies

Using a 110 m flume at the US Army Experiment station in Vicksburg USA, Fowler '

(1992) conducted a series of medium scale sediment transport tests to investigate scour -

“at vertical seawalls. The experiments were the first to combine medium scale irfregular'

waves and suspended sediment transport, with a clear methodology and are considered a

key reference in physical model scour research.

Using vmostly' breaking irregular waves (Ho=0.2 - 0.3) and four regular wave te‘sts,

Fowler measured scour over a flat sand bed with a 1:15 slope and a vertical seawall.

" The use of' ﬁncvsedir'nent (Dsg=0. 13fnm), irregular waves and an 8 m beach profile

enabled a comprehensive set of results to be collected for breaking wave conditions,
which achieved suspended sediment transpdrt. ‘The test commenced from a flat beach

profile to allow comparablé scour depth measurements to be collected.

vThe?exvp'erin’lent's determined toe scour to be primarily dependent on the incident
wavelength and water depth ratio, in agreement with the tests conductéd by Xie (1981)
and Hughes & Fowler (1991). Furthermore the maximum scour depth never exceeded

the incident wave height. .

A tentative prediction eqliation was produced for maximum scour by combining the

- data with regular wave period tests from Song & Schiller (1977) and Barnett(1987).

This enabled Fowler (1992) extended his prediction equation into deeper water, despite
collecting evidence which showed that regular period waves tend to overestimate scour
depth cdmpared to their irregular period equivalents. The prediction equation is . ‘

discussed further and tested in Section 5.1.1. -

Through considering shingle beachés, Powell & dee (1994)'drew e’mphasié orgl thé
importance of_weiter ,depth on the scour procesé. Their péak scour depth ratio (S;/ Hp)
occurred 'for'a. relative water depth between 1.5< Hb / dy <2.0. In this range waves
woﬁld be expected to be breaking 1n front of or onto the seawall, coh_ﬁrming\» the

importance of wave breaking to the scour process on coarse sediment beaches. =

Kraus & Smith (1994), és part of the SUPERTAN K test progfammé, coﬁducted a large

scale study (104 m long flume, Hy = 0.4 to 1.0 m) to ihvestigate the interaction of

seawalls with beaches. As part of the large test programme, three 2D vertical seawall
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model tests were conducted using a medium sand beach (D56 = (.22 mm) with an
equilibrium beach profile from the previous model run. In each test only a small trough
occurred at the toe of the wall and the beach profile underwent only minor changes

using constructive and then destructive waves (McDougal et al. 1996).

It appeared that the equilibrfum beach proﬁle caused lwaves to break ’offshore,. and w.as
eompounded by the severely depth limited waves at the wall, a result of the shallow toe
water depth (Hy/ d; <1). The fests also used only short bursts of wave activity before
changmg either the wave helght or water depth limiting the time for scour to develop
A'scour predlctlon equation was developed Wthh included the sediment gram size, and

is discussed in more detail in Section 5.1.1.

Of the experiments conducted, Test ST_CO was the only one to generate a small scour
trough, and included a shallow toe water depth; with significant wave breaking offshore.
When the test was repeated with shghtly deeper toe water depth (Hy/ d, = 0.9) scour did
not occur, though this test was only run for 570 waves, Wthh was perhaps insufficient

time for the beach profile to reach a new eqﬁilibrium.

In comparing these resdlts to the lérger scour depths found by Fowler (1992),
McDougal et al. (1996) suggested that these were a result of profile adjustment from the
initial planar beach profile in addition to scour. Though an equilibrium beach profile
would occur in the prototype situation if sufficient sediment is available, until the
mechanics of the scour process are better understood, it is suggested initial beach prefile

remain planar to allow comparison between model runs and existing research.

3.3.2. - 3D physical modelling of seawall toe écour

Three dimensional physical modell.ing: utiiiSes large basiné, typically between 100 to
500m> depending on the scale, and enables the assembly of a whole éection of coastline.
This type of study allows oblique wave directions to be modelled which generate both
longshore and cross shore processes. However wave helghts are limited to around

0.1 m, therefore sediment transport is dominated by bedload processes, providing only
an indication of the sediment transport pathways. There ar:e only limited examples of
3D experiments directly applicable to seawall scour; most studies were developed to
investigate scour at breakwater structures in deep water (see Irie & Nadaoka, 1984.,
Silvester, 1,986._; Hsu & Silvester, 1989. and Sumer & Fredsge 2000).
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These experiments found that obliqué reflective waves cause a short-crested wave
system to become established in front of the wall, leading to toe erosion along the
length of the breakwater structure, in addition to wave parallel nodal scour and accrefion
zones occur further offshore. Scour was particularly severe at the end of the
breakwaters, where>wave driven flows tended to increase sediment trénsport. Ata
seawall, the shallower water depth would cause waves to shoal and refract as they
approach the shoreline, limiting the angle of obliquity and hence reducing the
magnifude of these processes. Though many. 3D seawall studies have been conducted,
most are commissioned privately to support scheme design. Of fhe published studies,

three examples specific to seawall scour are considered below.

A 3D scour study was conducted by Toue & Wang (1990), who observed the effectof a
seawall strﬁcture adjacent to an unwalled section. The tests produced toe scour at the
seawall, however the volume of sediment eroded was considerably smaller than the.
erosion generated by thé down-drift effects of the wall. The study determined that the
overall volume of erosion in front of the seawall seéti{;n was less then the unwalled

beach section, perhaps suggesting wave energy was reflected back offshore.

Kamphuis et al. (1992) conducted a 3D test of a sloping sand beach with seawall under
oblique irregular period waves. An ihitial beach profile (1:10) was allowedlto adjust to
an equilibriﬁm profile and then the water level was increased to simulate a storm surge.
This caused the profile to flatten and a plateau formed between the seawall énd the
breaker location. A toe scour trough then developed and was observed in all the tests.
The percentage of scour attributable to_l_océl scour processes or as a result of thé steep

beach profile re-adjuvsting was not made clear.

The experiment included meaéurements of lohgshore, suspended and bed load tranéport,
which decreased in front of the wall és tﬁe beach returned to etjuilibrium, only
remaining active at the breaker point. The tests indicated that wave-induced bedload
transport would move sediment offshore, genérally flattening the beach profile to
maintain the equilibrium beach profile shape, as proposéd by Dean (v1'986). The author

- did not suggest a mechanism for the formation of localised scour at the toe of the wall.
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Rakha & Kamphuis (1997) investigated wave-induced sediment transport in front of a
.seawall using a-3D wave basin to validate a numerical model. Of particular interest
were measurements of wave setup, which was found to be strongly dependent on the
seawall toe water depth. At shallow water depths, wave breaking occurred in the surf
zone, producing maximum setup and an increase in the toe water depth. When the toe
water depth. was raised further and Waves were reflected (i.e. there was no surf zone),'
setup did not occur. This process has not been measured in any of the field or 2D flume
seawall experiments, but is hkely to occur as similar surf zone conditions would be

present.

34. - Numerical modelling

'Through a series of computational approximations, numeriéal models aim to simulate
the. wave flow processes and their interaction with the seabed and structures. A model is
setup by first deﬁning a grid or mesh to represent the area of interest. These are
typically 2D (e.g. a cross section though shoreline or plan section of coastline, where
depth averaged values are calculated). The input conditions are then set at each
bdundary of the grid. This could be a tidal flow velocity or input wave height and -
period. Starting at the boundary the model iteratively solves the Navier-Stokes |
equations for each cell in the grid, thus calculating the propagation of viscous fluid

flows within the model.

Due to the complex nature of the ceastal iene, approximations and simplifications must
be made to maintain reasonable computational times and model size. As aresult
numerical models require robust calibration and validation vdata to determine if the
output solution is correct and the assumptions are justified. With regard toe scour, the
general lack of large scale physical model tests and our limited understanding of the
sc_our processes, limits the confidence that can be applied' to current modellir.lg'
techniques. However, numerical model enables rapid testing of a variety of different
beach configurations, without the model or scale effects associated physical models.
Therefore the key features of models currently in use by engineers and 801ent1sts were
brreﬂy reviewed. These include COSMOS, GENESIS (GENEralized model for '
SImulating Shoreline Change) and SBEACH (Storm-induced BEAch Change).

The COSMOS model (Nairn & Southgate, 1993) can be run as either a 2D cross shore

beach profile model or as a 3D model where both cross shore and longshore sediment
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transport can Be prediéted. The sediment transport module of COSMOS 2D, was
validated using SUPERTANK model test data (McDougal et al. 1996) and limited field
data from Blackpool beach. When modelling a simple beach without seawall, HR
Wallingford (2001) noted that the model perforrriance decreased due to difficulties in
modelling changes in wave character close inshore, the key region of interest in toe

scour research.

Powell & Whitehouse, (1998) used COSMOS-2D to simulate toe scour under a range of
wave spectré and toe water depths. They found a correlation betwéen the scour depth to
wave height ratio (S,/ Hy) the relative water depth and the wave steepness, with the
greatest scour occurring for steep waves ciose to breaking(Figure 3-8). However the
results also suggested that toe scour can exceed the incident wave height, an observation
not supported by numerous physical mode] sediment transport studies. The model was
also unable to produce beach accretion for any of the water levels tested, contrary to the \

model tests of HR Wallingford (2006) and Xie (1981).
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~ Figure 3-8: COSMOS-2D scour prediction plot (from Powell & Whitehouse 1998)

»Other models include GENESIS; which is a shoreline response numerical modelling
system (Hanson & Kraus 1989). However the model does not include the effect of
reflected waves, the provision for tidal level changes and can'is therefore only suitable

for predicting larger scale morphological responses.
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Another popular 2D modelling tool 1s SBEACH (Larsen & Kraus, 1989), which uses an -
energy dissipation algorithm to predict sediment transport across the beach profile.
McDougal et al. (1996) modified the SBEACH model to include wave reflection and

. compared the results to three seawall tests conducted as part of the SUPERTANK
series. ‘The model suecessfully repreduced the laboratory tests, though these tests in
themselves only produced limited toe scoﬁr. The researchers could find_only a iharginal
difference compared to the SBEACH model without reflected waves. However these |
results were based on a small number of physical model resﬁlts, dominated by wave
breaking and are contrary to the clear evidence of reflection driven transport presented

by other authors when the toe water depth is increased.

The latest numerical models assert their ability to simulate wave ﬁelds near coastal
structures including the combined effects of shoaling, refraction, diffraction, reflection
and wave breaking (e.g. Karambas et al. 2007'). However it is doubtful whether these -
models can simulate the highly localised reflected wave flows and impact processes
associated with seawall toe scour. These form part of much larger surf zone, which -
varies both spatially (wave heights in metres to sediment grains in millimetres) and
temporally (from a storm durations in hours, to a wave period in seconds, to peak \;vave
impact in milliseconds). These difficulties are compounded by the complex interaction

and feedback mechanisms which link these processes.

For numerical modelling to suceeed, a clear concept of the scouring mechanism must
exist and be represerited explicitly through numerical computation. This can only be
achieved through detailed flume investigations of the toe scour process. Assuming the
modelling challenges posed by these dynamic ‘systems will be solved in the future, there

remains a general lack of field data to validate the results (Kraus & McDougal, 1996).

3.5. Current 's'cour. guidance

When designing new seawall structures or assessing the scour risk of existing structures,
the current guidance ie largely based on the result of the mediuin scale 2D flume
studies. In their reference book on scour in the marine environment, Sumer & Fredsge

» (2002) reviewed toe scour processes and prediction methods, emphasising the
correlation between toe scour and toe water depth. The authors suggested under deep
water non-breaking reflective waves, breakwater research could be applied to seawall

scour prediction. For breaking waves and near-reflecting conditions, the review
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‘combin’ed the scour prediction equations of Fowler (1992) and Xie (1981) on a single
plot (Figure 3-9), using the same dimensionless variables, for the prediction of

maximum scour.
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Figure 3-9: Non dimensional scour (from Sumer & Fredsde, 2002)
. Eqn A: Fow_ler(1992), Eqn B & C: Xie (1981).

The ﬁguré encompasses experiments conducted at medium scale using breaking waves
( -0.02 <hy/ Ln<0.04) and reflected Waves (0.06 <h,,/ L,<0.2). However does not _
however acknowledge .that the results for Xie (1981) were collected using regular period
waves and are therefore likely to ovérestimate the scour depth. Nor does it explain the
disparity where the two lines woiild be expected to intersect (the area of most interest to
engineers, as scour is deepest). Furthemiore the insert diagram identifying the 'positions
of the scour for Fowler (1992) is niisleading, aé 'some of his tests produced reflected

~ waves, highlighting the weakness of applying the parameter A,,/ L,, to define wave

breaking. . ' . : P

Though useful for visualising the toe scour processé_:s, further niodel test reseafch is

required to unify these datasets in the critical scour region (0.03 <h,,/ L,,<0.06) and to

validate the scour depths under irregular period waves. The use of the maximum scour _
- depth variable is also less practical then the maximum toe scour depth, which is more

critical to wall stability and foundation damage.
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" The most recent guidance fegarding- Seawall toe scour is 'available.in the US Army

" Corps of Engineer Coastal Engirieering Manual (ASCE 2006); a common source of
| reference for coastal engineers. Based on mostly .physical modél test results, the manual -
recommends that seawalls be considered as breakwaters in non-breaking wave
51tuat10ns however the guldance is less clear for breakmg waves. The manual suggests
that breaking waves cause the greatest scour, by generatmg strong downward flows
during impact, énd that plunging waves can form-rotéting vortices at the wall toe. This
statement is not supported by experlmental data or reference. - The manual goes.on to
tentatively suggest the Fowler (1992) scour predlcuon equatlon but notes the 11m1ted
number of model tests conducted and the lack variables descnbmg the sediment

characteristics.




Chapter 3 ~ Literature review

3.6. - Conclusions .

- 3.6.1. Field studies

_ The review considered literature pertinent to localised scour at the toe of seawall
structures with sand beaches. ExiSting'ﬁeld studies of unwalled beaches under stor’m
waves revealed a range of complex nearshore processes which occur in both longshore

“and cross shore directions. Of the numerous field studies completed none have
recorded evidence of toe scour in front of seawalls. As these results were collected at
low tide dunng post storm surveys it is suggested that the scour features were probably
infilled with the falling tide. Post storm breakwater scour measurements were more |
frequent, however the offshore coastal environment is significantly different to the
nearshore, where wave the wave heights are depth limited and the effect of tidal range |

more apparent.

‘The lack of field research literature- supports S,utherlnnd etal (2003), who emphasised |
the need for further monitoring experiments and improved sensor designs to enable
collection of data for validation of model results. The difficulties in sampling ‘within the
wave breaking zone suggest that beach imaging techniques such as ARGOS may be'

useful.

362 - Physical model experiments

A series of physical model experiments were reviewed these were mostly 2D due to the
high cost and lack of suspended sediment transport in 3D model tests, limits their use to
studies predictlng coastal morphology Of the 2D tests, most were conducted at small

- scale using regular waves. These are prone to scale effects due to the use of fresh water
and problems in reducing the sediment size Sufficiently to achieve suspended sediment
transport and similitude with the prototype. As aresult, the scour depth tended to be

- overestimated and reflection based scour process promoted The small scale tests were
however useful in observmg the key scour processes such as breaking wave flows and

when planmng medium scale experiments.

Only two medium scale sediment transport studies have been conducted with irregular
waves and a planar i'n'itiél beach profile. A third experiment using an equilibrium initial

profile prov1ded contrasting results however w1th0ut a consistent initial proﬁle

comparison of this dataset to ex1st1ng and future test results remams difficult. Additional .
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medium or large scale sediment transport tests are required to enable the existing

datasets to be validated and extended to provide improved scour prediction guidance.

The 2D model tests suggested that toe scour depth increases with, but never exceeded
the 1nc1dent offshore wave height. The scour depth also correlated to the wavelength to
water depth ratio, reaching a peak around d;/ L,, = 0.01. The model tests highlight the
importance of wave reflection and wave impact flows to the scour process. In shallow
water, toe scour would be expected to be dominated by wave breaking at the wall face,
whereas in deep water, wave reflections would lead to sediment transport towards the
reﬂected wave nodes and the seawall. However the parameter' d,/ L, does not
adequater represent wave breaking at coastal structures, despite the suggestion in
Figure 3-9.

The structure of wave ﬂotzvs at the vertlcal walls with unbroken reflected waves has
been researched extensively, with scour occumng in regions of high bed shear stress.
However a study into breaklng wave ﬂows which have been suggested anecdotally to

generate high speed flow vortices, leading to increased scour, has yet to be completed.

Further investigations of the wave flows in front of the seawall, particularly during
breaking wave impacts, should be conducted, to enable the hydraulics of the toe scour

- process to be better understood and to improve guidance.

3.6.3. | Numerical modelling

Several popular numerical models were reviewedi however these models cannot fully
reproduce the highly localised reflected wave and impact flows associated with seawall
toe scour, which is complicated by the interaction and feedback mechanisms which link
these processes. Further field ahd ﬂume testing is required to provide suitable validation

data for new numerical models.

3.64. Current design guidance

In the physical model studies, the toe scour depth has rarely been measured to exceed
the incident wave height, with the exception being one experiment where excessively
steep seabed slopes were used. It would appear that this “rule-of-thumb” remains a
useful guide when designing emergency scour protection at coastal structures with

natural beaches. However this is of limited use when trying to optimise a seawall design

48




 Chapter 3 - Literature review

to reduce cost or to estimate the risk of scour for a specific evert and location. The

reliability of this statement also requires validation through field monitoring.

A series of empirical predictors have been proposed, which provide a more robust
assessment of scour depth. However, they all fail to include an elementary
understanding of the scour process, particularly the type of wave breaking, which can

change significantly due to the variation of tide height and its effect on the toe water

depth. The leading predictors include Fowler (1992) which represents shallow water toe

scour, and the Xie (1981) equation which represents deepwater reflected wave
conditions. The region between these two equations has yet to be studied in model tests

of suitable scale.

The layout and design of Figure 3:6 and Figure 3-9 are helpful in presenting engineers

and scientists with an understanding of both the empirical scOur_ depth and the key

~ factors driving the scour process. They highlight the need for an integrated approach,

combining both cause and effect, to produce improved scour prediction equations,

figures and guidance. In particular and unlike these diagrams, it is also important to

“indicate the scoured beach profile shape without exaggerating the vertical scale, to

avoid confusion over the geometry and steepness of the scour bedform.
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4. Field 'Study: Blackpool and Southbourne
In this section the results of the scour field study conducted at Blackpool and
Svouthbou\rne beaches are examined. ‘The chapter is divided into seven sections; the first
two introduce the rational and study aims. Section three discusses the experimental
method and éciuip,ment. Sections four énd five discuss the resuli of the respectivé
Blackpool and Southbourne beach deployments. Section six discusses the experimental

results and accuracy to draw conclusions, which are presented in section seven.

4.1. Introduction

The literature review demonstrated that field measurements of toe scour aré limited to
anecdotal evidence énd speculation foliowing post storm beach visits. This suggested
that toe scour could be infilled as the Storm intensity reduces and water levels receded.
It is therefore 'important to establish the likelihood and magnitude of toe scour under
field conditions. Thié was achieved through two field experiments designed to collect

_ evidence of beach level changes in front of beach stfuctures under storm conditions, as
part of a Depaﬂrﬁent of Environihent, Food and Rural Affairs (Defra FD1927) funded

*project in partnership with HR Wallingford and the University of Southampton.

The first experiment was conducted between 1995 and 1999 in front of a vertical
seawall at Blackpool on a sand beach as part of an existing HR Wallingford study for
Blackpool Borough Council. This dataset was recovered from archive and investigated
further. The second experiment wds conducted using similar instrumentation, at a 1:2

. sloping seawall on a sand beach in Southbourne, Dorset in 2005 over a one month
period. Site selection was based on the author's research into historic beach levels and

anecdotal evidence from local coastal mangers that scour features had been observed.
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4.2. Aims and objectives

As part of the project team, HR Wallingford was responsible for supplying and
deploying the instruments and converting the raw data into a useable format. Wave and
tide gauge records were also obtained by HR Wallingford. The author took forward
these datasets to achieve the following aims and objectives:
e Develop a dataset for comparison to laboratory datasets and numerical models;
e To determine the wave height, water depth and peak scour during storm events;

e  Determine the parameters and conditions most likely to cause scour.

4.3. Equipment and methods

In 1995 Blackpool Borough Council commissioned HR Wallingford to monitor beach
levels on a fine sand beach in front of a vertical seawall at Blackpool. The study
involved deployment of three HR Wallingford Tell-Tail scour monitors, two at the wall
toe and one approximately 10m offshore (Figure 4-1 & Figure 4-2). The instrument

configuration and cross sectional beach layout are shown in Figure 4-3 and Figure 4-4.

Blackpool

~N

Figure 4-1: Blackpool seawall and Tell-Tail monitors (from HR Wallingford, 2005)
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Figure 4-2: Offshore Tell-Tail scour monitor Figure 4-3: Tell-Tail scour monitor

at Blackpool (from HR Wallingford, 2005) components

6.5mODN(Approx NOT TO SCALE

Sensing Ranges:
Instrument A: 1.44 to 3.131mODN
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Figure 4-4: Cross section of seawall and instrument position

The instruments consist of an array of eight flexible movement sensors mounted on a
rigid steel shaft. When buried beneath the beach the sensors remain static. However,
when beach levels fall, successive sensors become exposed to wave flows, triggering
sensor pulses, which are logged internally every 15 minutes. The height of each sensor

was determined, allowing beach level to be inferred and continuously monitored at any
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state of the tide and under storm conditions. Throughout the deployment, staff from
Blackpool Borough Council routinely downloaded the data, which was forwarded to
HR Wallingford for storage. This continued beyond the initial deployment contract
duration (12 months), up to the year 2000 when the instruments finally ceased to
function. The most complete years which were from January 1996 to December 1998,

were taken forward for detailed analysis.

Similar instruments were deployed at Southbourne in 2005 (9" May to 7" June) on a
sand beach (Dsp = 0.3mm), with a typical slope 1:28, to observe beach levels in front of
a 1:2 sloping seawall. In this experiment only two instruments were used, one bolted to
the sloping seawall the other positioned at the wall toe in vertical orientation

(Figure 4-5). During the deployment conditions remained relatively calm, except for a
low pressure weather system between the 22-25" May, which caused increased wave
heights and beach level changes. Beach level measurements were therefore only

analysed for this period.

Figure 4-5: Tell-Tail sensor deployment at Southbourne May 2005
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4.3.1. Additional data sources

Blackpool deployment

At Blackpool, Met Office wave data (hindcast from wind observations) was obtained
fora position 27 km offshore of the beach instruments in 16 m water depth. Similar
wave return period conditions occurred in 1996 and 1997, with a wave height range of
0.5m to 3.5 m, which was repeated in 1998, but with a slightly higher percentage of
waveé greater then 1 m The data indicated that over the deployment period the site was -
limited to a maximum significant wave height (Hy) of 3.5 m and a mean period (7)) of
7 s. The Blackpool seawall is orientated to the west; the dominant wave direction for the

duration of the deployment was 240° to 270° and therefore near normal to the shore.

Observed tide height data was obtained at 15 minute intervals from the British
Oceanographic Data Centre (BODC) for the Liverpool gauge. The tidal range was
significant, with a mean spring range of 8.2 m. The Liverpool data was corrected using

4 the Lennon method for Biackpool; further details of this method are contained in HR
Wallingford (2005). Due to the proximity of the sites, the tide time was not corrected.
Cross shore beach profile data have been collected along the Blackpool frontage since
1956, with the closest profile being BBCSEC 9A, approximately 170 m south of the
deployment site (HR Wallingford, 2005). The average beach profile slope at BBCSEC
9A during the deployment period (1996 to 1999) was 1:80, indicating a relatively flat
sandy beach. The average beach height at the toe of the wall durlng the deployment was

between 2.4 and 3.9 mODN, just above mean hlgh water neaps.

Southbourne deployment _ _

At Southbourne, Channel Coastal Observatory data was made available from a wave
buoy located 2.0 km west-south-west of the deployment site at Boumemouth and tide
data obtained from the Proudman Oceanographlc Laboratory gauge at Bournemouth
pier, 4 km west of the deployment site. Given the close proxmuty of the wave and tide
sources, no correctlons were made to the data. In contrast to Blackpool, the mean spring
.tidal range was.considerabte smaller (1.8 m), and included an unusual tidal prism, with

a distinct stand during the ebb tide.
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~ Seasonal beach profile measurements were also supplied hy the Channel Coastal
Observatory, and were used in planning the deployment location and reviewing historic -
beach level trends. The lowest measured beach level in front of the wall occurred in
January 2004 at a level of +0.3 mODN, a similar level to that shown earlier in Figure

(2-1a). Durivng'deploymentth'e beach level at the wall toe was around +1:4 mODN.

4.3.2. Data sorting and filtering

At Blackpool the instrument data files were first assigned their respective wave and
tidal parameters. Due to the limited resolution of the wave model data (every three
hours), linear interpolation was used to match the Hp, Tm and wave direction to the

- corresponding tide and sensor data which was collected every:15 minutes. This was not
necessary at Southbourne, as the mstrument wave and t1de data were all collected at

fifteen rmnute 1ntervals or shorter

During the.matching process some of the archived fi’les-were found to be incomplete
due to battery failure or memory limitations, resulting in gaps and overlaps in the |
dataset. Furthermore over the 5 years of deployment the aggressive environment caused.
' fallure of the individual sensors, therefore only the most complete years (1996, 1997 &

' 1998) were taken forward for detailed analysis. This amounted to 820 days of data from
24 separate channels loggmg every fifteen minutes. ’l‘hrs dataset is unique and to the

author’s knowledge is the only continuous record of beach levels in front of a seawall.

The short deployment at Southboume produced a high quality datasets without the
interruption of instrumerit damage or power failure. Through the frequent site v1s1ts
made by the author and a good understanding of the site’s characteristics, the dataset
.was relatively simple to interpret and processes. Furthermore, only one significant storm

event occurred, enabling simple graphical analysis.

When 1nferr1ng beach levels detalled 1nspect10n of the datasets revealed that the Tell-

* Tail sensors were susceptible to noise and the pattern of sensor channel exposure could
be misleading, e.g. when senor activation occurred out of sequence or appeared to
fluctuate rapidly. Therefore a more sophisticated technrque was adopted at Blackpool

usmg MATLAB and a series of filter rules, whrch are descrlbed in detall in Appendlx B,

and summarised in Table 4-1.
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Tablé 4-1: Summary of filter criteria and values at Blackpool

Filter Criteria ’ Value
Minimum sensor pulse threshold 3 pulses per minute*
Minimum offshore significant wave height (Hp) | 0.75m
Minimum sensor immersion 0.1 m below SWL
. Maximum scour rate " 2 cm per minute
Minimum and maximum incident wave angle ’ 225°to 315°
\

* This was the only filter to be applied at Southbourne, as the site was closely supervised during deployment

Events where the filter criteria were satisfied and the beach level fell and recovered over
'~ atidal cycle, with no relic scour features, were sampled for Blackpool and Southbourne
beaches. A graphical plot of each event confirmed that the correct wave and tide
conditions were selected at the point of initial and maximum scout. During this
process, events Where the'chahge in beach level still remained unclear, or fluctuated
rapidly, were excluded from analysis. These were typically data points on the fringes of

the filter critefia.
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4.4. Results- Blackpool deployment

The most severe erosion events from each year were plotted and examined to show the
tide height and beach height at the wall and offshore instruments. The significant wave
height (H;), mean wave period (7,,) and wave direction (Dir) were appended to each

event for the point of maximum scour.

4.4.1. Annual scour maxima - 1996

During the flood tide on the 27" October 1996 (A) the beach level fell in two distinct
stages to 1.94 mODN, dropping below the beach level further offshore, which was
between +0.15 m higher, and indicated a trough at the toe (Figure 4-6). At high tide the
beach level at the toe of the wall recovered and accreted to a level of 2.42 mODN,
though the beach level remained unchanged further offshore. With the ebb tide, the

beach level at the wall fell slightly to a similar level as the initial condition.
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Figure 4-6: Maximum scour events October 1996

On the 28" October 1996 (B) the wave height and period had increased. As the water
depth rose the beach level at both instruments fell rapidly and remained static until
shortly after high tide, when accretion commenced. The beach level at the toe of the
wall rose and dropped suddenly as the tide fell below 2.5 mODN, but had accreted to a

similar level at the start of the next flood tide. Thus, this point appeared to be a false
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reading. In comparison, these patterns differ to the afternoon tide on the 28" (C), where
at high tide the levels at the wall remained above those offshore, before both the wall

and the offshore levels recovered to a higher level then event (B).

The wave height and period continued to decrease on the afternoon of the 29™ October
1997 (D), however the beach at the wall toe was eroded to a similar level as the morning
tides on the 27" and 28™ October. The erosion cycle was similar to the 28" October

with erosion occurring at the peak of the tide, followed by rapid accretion with the ebb

tide.

4.4.2. Annual scour maxima - 1997

Due to sensor damage in January 1997, the offshore beach instrument failed, leaving
only the wall mounted sensors. During the flood tide on the 5™ April 1997(A) the beach
level dropped to 1.66 mODN briefly, before recovering by +0.5m at the peak of the tide
(Figure 4-7). The accretion remained static for approximately 45 minutes and recovered
to a height of 2.55 mODN as the tide ebbed. The wave height decreased to 1.8 m on the
following tide (B), and the beach fell by -0.42 m before recovering to a similar level
with the ebb tide. By the next tide (C), the wave height had decreased significantly and
was excluded by the filter criteria, the raw instrument data revealed a static beach level

of +2.55 mODN throughout this tide.
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Figure 4-7: Maximum Scour events April 1997
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4.4.3. Annual scour maxima - 1998

Several scour events occurred during 1998 and all reached a similar maximum scour
depth of 1.44 mODN (Figure 4-8). The most interesting event occurred on the 15" and
16™ October 1998 (A & B), where the tide only reached a depth of +0.14 m and +0.16
m at the wall respectively and did not cause a change in the beach level, even under a
moderate wave height of up to 2.3 m. On the following tide (C) (17" October), high tide
was 0.7 m greater in height; once the water depth exceeded +0.5 m, erosion occurred
and continued in common periodicity with the flood and ebb of the tide. At high tide,

the level at the toe of the wall remained constant, but as the tide fell the beach returned

to its initial level.
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Figure 4-8: Maximum Scour events October 1998

4.44. Combined Data Analysis
In Figure 4-9 the maximum scour depth was compared to the ratio of the offshore wave

height to toe water depth, and was considered an indicator of the potential wave breaker

type.

The deepest scour occurs when Hy/ d; is between 1 and 2, when plunging type breakers
(as shown in Figure 2-2) would be expected to break on or near the seawall.
Significantly lower scour depths occur when Hy/ d; > 4, where shallow water would

cause waves to break offshore of the wall. No scour occurred when the toe water depth
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was significantly deep (Hy/ d; < 0.5), this would cause reflective wave conditions.
During the three years of deployment, the maximum toe scour depth remained less then

the incident offshore wave height (Appendix C).

The 1996 data was analysed further to distinguish the height difference between the
offshore and wall instruments at the point of maximum scour, and to determine if
general beach lowering occurred or if a scour trough was present at the wall toe (Figure
4-9). Toe scour troughs tended to form when / < Hy/d,; < 2, with deeper scour depths
then events where erosion occurred at the wall and offshore simultaneously. Due to the
failure of the offshore instrument in January 1997, this analysis could not be extended to

the other deployment years.
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Figure 4-9: Scour type and depth as a function of wave height and water depth

Given the significant tidal range at the deployment site, the results were analysed to
determine if the large tidal range had an effect on the scour depth. The field data was
sampled into I m bands of tidal range and the average, lowest and highest toe scour
depths were extracted (Figure 4-10). Though the average scour depth increased by 60%
between neap and spring tides, the significant variation the upper and lower scour depth
values and correlation between the average wave height and average scour suggests
tidal currents are not the primary scour process. Though it is noted that longshore

currents could cause suspended sediment (as a result of scour) to be transport away.
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Figure 4-10: Effect of tidal range on toe scour depth compared to offshore wave height.

4.5. Results -Southbourne Deployment

Beach level data was collected over a five week period, during which time only one
storm event occurred, which peaked on the 24 May, with a Hy of 1.6 m. Despite the
relatively small wave heights during the deployment, the beach level changes exceeded
the wall mounted instruments’ sensing range and prevented data collection. Therefore
data was only available from the beach instrument, though at the peak of the storm
event, the severe scour caused the beach level to drop further, which exceeded this

instrument’s sensing range for a brief period.

For each event, the initial beach level was determined by interrogating the beach
instrument data to find the first sensor channel to be activated; this also provided an
approximate water level elevation. When compared to the tide gauge, the activation of
the beach sensors appeared to be consistently +0.9 m higher then the water level
indicated by the gauge. Unfortunately removal of the instruments prevented
investigation of this error, however the good correlation between the timing of changes
in beach level and the unusual tidal prism at Southbourne, suggests this was probably a

levelling error, not a local tidal anomaly.
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For the beach level comparison plot below, the original instrument elevations and tidal
heights were used. To enable comparison with other flume and field datasets the
instrument elevations were decreased by 0.9 m for the remaining figures and tables.
This led to sensor activation commencing as the tide height equalled the beach height,

and was consistent with the sensor operation at Blackpool

Figure 4-11 shows the tide height and beach level at the offshore instrument, and the
wave characteristics at the peak scour depth. With the flood tide and increasing wave
height on the 23" May (A) the beach level fell, with maximum scour occurring at high
tide. The beach then recovered with the ebb tide. A similar pattern of erosion and
accretion occurred on the afternoon tide on the 24™ May (B), despite a smaller wave
height. On the 25" May (C) wave conditions decreased significantly, only 0.3 m of
beach lowering and recovery occurred. A total of six scour events occurred during the

Southbourne deployment with a maximum scour depth of 1.1 m with a Hy of 1.5 m.
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Figure 4-11: Maximum scour events May 2005
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4.6. Discussion

4.6.1. Toe scour and beach level changes

Over the three years of sensof depvloymen't at Blackpool, 119 separate scour events were
- identified. These followed a pattern of erosion and accretion in common periodicity
| with the tidal cycle, With the beach _leVel returning to its original condition as the tidé v
ebbed. Comparison of the time of maximum scour and high tide indicated a lag of +‘-15
. minutes at Southbourne, and approximately 'l‘h(_)ur at Blackpool, suggesting a link
between toe water depth and scour. It should be noted however that the tide data at both
sites had limitéd femporal resolution (15 minutes), and at Blackpool Was based on
interpolation of data from the Liverpool, therefore these values should not be used to
infer the rate of scour. | '
In general, scour depth increased with wave height, though the final scour depth often.
ya'riéd significantly, ‘but never exceeded H,. The variation in scour d_epth may be due to
the change in the tidal range or other nearshore processes e.g. wind strength, offshore
beach profile or nearshofe circulation flows, the tidal range was found to have little |
effect, except where high tide fell below the beach level. '
Due to the limited nurnber of beach profile sampling points,l it was not possible to -

o determine where the éfoded beach material was transported to, nor the extent of the
scour feature at the wall. From tne offshore instrument data available for 1996, during
sixteen of the forty four events the offshore beach height was above the level at the
wall, indicating a toe scour trough. During the remaining events, the offshore beach
height varied between 0 to -0.48 m below the beach height at the wall, indicating a
sloping beach profiie ora trough > 10 m wide. Trough formation, 'and the deepest toe
scour.both tended tn occur when I < Hy/ d, < 3, where wave breaking conditions would

'be enpected' at the wall, énndncing turbulcnce and subsequent sediment suspension and

transport.

Under shallow water conditions (Ho/ d',> 4) and deep water conditions (Ho/ d, < 0.5),
relatively little scour 6ccurred, suggesting energy dissipation occurr'ed’ on the offshore
beach profile at low tide and energy was reflected at high tide. Furthermore, under
reflective wave conditions, fine sand sediment would not be expected to scour from the -

seawall toe, which coincides with a reﬂectfve wave antinode (Xie, 1981).
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The 1:2 sloping wall results for Southboumé produced evidence of significant beach
" level changes. The maximum scour depth was similar to those observed in the

Blackpool study, despite the wave height remaining significantly smaller. This could be

a result of sloping seawalls being more prone to scour; the steep beach slope (c.1:28 and

significantly greater then Blackpool c.1:80) reducing the surf zone width and increasing
energy dissipation near the seawall; or the tidal range which was also significantly »
smaller, and would cause the seawall to be exposed to the most intensive scour

cconditions (I < Hy/ d; < 2 at Blackpool) for a longer duration.

4.6.2. Experimental accuracy and limitations

 The collection of continuous beach level data from in front of a seawall has been
achiéved for the first time using.electronic measuring equipment and combined with
wave and tide records. Unfortunately insitu wave and tide records were not available,
therefore hindcast and extrapolated tide data was used. These are the best available and
though they represented the general wave and water level. conditions during the
deploymént, they should be used with caution when comparing the results to other field

studies.

The advanfages of collecting wave and tide data close to the deployment site are evident
in the Southbourne dataset, which was simpler fo analyse and interpret following the
frequent site visits. However careful equipment setup is still required to ensure the
instruments are levelled correctly and that their elevation correspbnds to the expected
chénges in beach leVél over the depl'oyment period. This could be-irhproved by

conducting fréﬁuen’t post storm surveys to build a history of beach profile trends.

Though limited in sénsing range, r'nenio‘ry size and battery life, the sirﬁple design and

| operation of the Tell-Tail sensdfs enabled ‘data collection at Blackpool for over four
years. The same equipment also worked suCcessfully at Southbourne, though the
significant beach levels drop nearly caused one of the instruments to be lost. The use of
motion sensots to detect beach- level required significaht filtering to exclude erroneous

. data points. Further work is required to improve the equipment and techniques available

.to monitor toe scour as suggested by Sutherland et al. (2006) enabhng more detailed

field monltormg
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Both field datasets contained significant variability in.depth of maximum toe scour, .
indicating that other factors s'uéh as wind, local bed slope, offshore bathymetry and
nearshore currents may work either in opposition or synergy with the scour procésses.v
The variability may have also been due to the tidal range and relative speed of tidal rise
and fall, both of which depend on spring and neap tidal range. These aiter the duration

of the incident wave conditions at the point most critical to scour.

47.  Conclusions

A unique field dataset measuring beach lowering and toe scour was collected at both a
vertical and sloping seawall. The Tell-Tail instrument provided a robust method for
collection of continuous beach level measurement under all conditions. However,

- . careful filtering was required to remove erroneous data points.

Scour depths varied signific-antly in both studies and closely followed the ﬂoéd and ebb
of the tide, which controlied the toe water depth, but showed weak correlation to the
tidal range. Scour at the wall tended to infill with the ebb tide, suggesting these features
would not be detected by post storm beach surveys. The variability of the s'cour depth
suggested that in addition to an optimal water depth and wave height, other variables

(e.g. wind and bathymetry) may have limited scour reaching maximum depth.

At both locations, the maximum scour dept_h never exceeded Hp, a rule-of-thumb for
scour prediction. At Blackpool, the deepest scourbocrcurred in the range I < Hp/ d, < 2,
~ this w.as also the region where a trough tended to form at the wall toe in the data _

| available for 1996. It was suggested that this was a result‘ of waves breaking near to or

~onto the seawall.

The Southbourne dataset was too short to draw firm conclusions for slopirig walls.
However, significant changes in level scour occurred under relatively small waves,

suggesting they are equally prone to toe scour.

The field datasets can be applied to verify the results of physical and numerical model
studies, though caution is required when using the Blackpool wave data results, which
were based on hindcast wind data. Future seawall monitoring studies réquire improved
measurement techniques and should iﬁcludc local wave and water level sensors, and

collect beach level measurement from across the surf zone.
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5. Sedlment transport study scour predlctlon

A sediment transport study was conducted to investigate toe scour processes at Vertlcal
and slopmg seawalls. In this chapter the results are reported, analysed and a scour
predlctlon formula developed The chapter is d1v1ded into seven sectlons section one

| introduces the study and examines the existing prediction equations. Section two
presents the experimental aim and section three reviews the materials and methods. In
section four, the scour depth results and beach profile results are presented. Section five
tests existing scour prediction equations and develops new prediction equations. Section

six discusses these results which are concluded in Section seven.

Conclusions with respect to these tests, the litera_ture review, and'the field studies are

discussed and presented in Chapter 7.

5.1. Introduction

The field studies conducted at Blackpool and Southbourne demonstrated that significant
beach level changes can occur in front of seawalls under wave attack. While providing
evidence of scour, the results were complicated by temporal and spatial variations in the
| wave climate and beach configuration. The data therefore lacked sufficient detail to
predict toe scour and no cause-effect relationship could be established. In order to

:. establish a causal relationship, vnriables must be systematically controlled. This is only
' possible using physical model experiments, which as shown in Section 2.3.1, should be

. of at least medium scale (e.g. Hy > 0.1 m).

A 2D sediment transport experiment was conducted by HR Wallingford staff and the
author as part of a Department of Environment, Food and Rural Affairs (Defra FD1927)
dprOJect The author assisted in the running of the model tests and analyS1s of the
; resulting dataset. The key overall study conclusions were reported in HR Wallingford
| (2006) and Sutherland et al. (2006). These documents dfocused upon the beach profile

measurements, the maximum scour depth and the scour protection tests.

The experimental results, specifically the scour depth measurements, beach profile
- response at the wall, and wave breaking characteristics were contrasted; then taken

. forwards for comparison to the scour predictors short-listed in the literature review |

section.
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5.1.1.  Existing scour prediction equations

As discussed in Section 3, medium scale scour tests conducted by Xie (1981), using a

_ flat sand bed (Dsp = 0.1 1mm), exposed a breakwater structure to both regular and

irregular period wave conditions, and demonstrated sediment transport under non-

. breaking reflected waves. A maximum scour prediction equation (Eqn 5.1) was

produced by fitting a curve to the data. Though based on regular wave tests, the results

- were compared to irregular wave tests, suggesting the predictions were conservative.

Fowler (1992) conducted a series of 2D seawall scour tests on a steep 1:15 beach slope
using regular or irregular period waves 0.2 to 0.3 m high, with a fine sand bed
(Dso = 0.13mm). The test proceeded with bursts of waves until a stable equilibrium

profile was achieved. A tentative prediction equation for maximum scour was generated

based on non-dimensional analysis (Eqn 5.2). Both Equations 5.1 & 5.2 predict the

maximum scour on the beach profile, which may not necessarily occur at the wall.

Highly reflective wave conditions can lead to reduced seoﬁr or accretion at the wall toe.

As part of the SUPERTANK test program, Kraus & Smith (1994) conducted three 2D
model tests with a vertical seawall and fine sand beech (Dsp = 0.22mm). Using the
existing beach profile from the previous test run, short bursts ef either constructive or
destructive irregular period waves (Hp = 0.7-0.8 m) were generated. However |
distihguishing between each test remains complicated, as the initial beach profiles were

different. As a result, the toe §cour' prediction equation (Eqn 5.3), only predicts changes ‘

" between each equilibrium profile. The prediction equations, wave and sediment

characteristics are summarised in Table 5-1.

Table 5-1: Medium scele'seawall scour experiments and scour predictors

. : . . o Sand Ds, | Wave height
Author | ~ Bestfit equation  (mm) 50 range( mg)
Xie (1981) Sl C (5.1 | 011 0.71 - 0.91
ie (1981) H, - [sinh(ka, )] . ' ’ ’
' . 0.5
Fowler | S, _ d, ' : _
: (1992) : E = (22.7220— + 0.25 5.2) | 0.13 0.20-0.30
McDougal NS 1/4 3 .
etal. S 0.41cot a""‘{i} (—d—'—J ,» (EQJ (53)| 022 0.70 - 0.80
(1996) | Ho - \Hy) \Hy) \dy) |

S.» = Scour in the vicinity of the seawall’
, = Scour at the toe of the seawall
k = Wave number = (2.7).Ly,*

C = Constant 0.4 (fine) 0.3 (coarse) sand
d,= Toe water depth
L,= Offshore wavelength
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In reviewing the variables within the Xie (1981) equation, the Hyperbolic Sine function
“was found to have a small effect on the predicted scour depth (<5 % when d,/ L,, =
0.08). It is not clear why this parameter was included. The equation also includes a
coefficient for sediment grain size, with fine grained sediments leading to a relative -
o increase in the scour depth. The Fowler (1992) equation is based on a statistical fit to
laboratery data collected with arbitrary coef'ficients;. The eqiiation appears te bisect the

higher scour values within the dataset, providing an upper estimate of toe scour. .

The McDougal et al. (1996) equation includes additional pafametefe to describe the
beach sediment and geometfy and is a first step teWards a processes based prediction
equation.'Equation 5.3 suggests scour is proportional to increases in wavelength, toe
water depth and beach slope. In contrast to Xie (1981), and despite only testing one
sediment size, Equation 5.3 suggests that scour is inversely proportional to grain size.
The literature review identified that turbulenceb and wave reflected transport tobe
critical to scour, theée would be expected to cause increased suspension of finer grained

* sediments.

As noted>by Sumer & Fredsge (2002), when the Xie (1981) and Fowler (1992)
predictors are plotted together using the ﬁon-dimensional units S/ Hpand d,/ L,,, a scour
| depth enyelope is produced, with maximum scour peaking at both 0.030 & 0.075 d,/ L.,
(Figure 5-1). In this piot-the Fowler (1992) equation represents toe scour, the Xie
(1981) equation maximum scour, which tends to occur further offshore. However,
.nei_ther researcher collected data from the critical region (0.03 <d,/ L, <0.075), where

scour depths appear to be greatest and of most interest.”

Fowler (1992) ‘attempte.d to extrapolate thie curve (as shown on Figure 5-1) using small

' scvale, regulaf wave period tests from Chesnutt & Schiller (1971) and Barnett (1987).
This suggests the equations intersect at a poiht close to d;/ L,, = 0.07. The etrors
assoeiated with experimerjts at this scale were illustrated in Chapter 2.3.1, reducing the -
confidence that can be placed on scour depth i)redictions in this range. In particular, the
values of S,,/ Hy appear >1. This is ndt supported by the existing literature, or recent

field experiments.
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1.6
Xie (1981) - Eqn 5.1
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Figure 5-1: Non-dimensional plot of scour prediction equations 5.1 & 5.2 for
a sand beach, H,=0.2m,d,=0.2m, T, =2.5s, L, =10 m.

5.1.2, Summary

A review of three scour prediction equations based on medium scale laboratory test
suggests that existing methods for prediction scour are limited to either breaking or non-
breaking conditions. There is no reliable guidance in the region d,/ L,, = 0.07 where
scour appears deepest. This is the region of most interest to engineering and scientists.
All the equations rely on empirical fits to laboratory datasets, with arbitrary coefficients.
Equation 5.3 from McDougal. et al (1996) is the only one to include some of the key

scour parameters.

The following sections present the methodology and results of the latest medium scale
flume experiments conducted at HR Wallingford. These straddle the range of both the
Xie (1981) and Fowler (1992) datasets. The results are used to test the existing
prediction equations and take forward Figure 5-1 to enable development of improved

scour prediction methods.
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5.2 Aims and objectives

The existing field and flume measurements improve our understanding of the toe scour
process; however when designing structures, engineers and scientists require guidance
for a range of full scale conditions, which may not correspond to a specific test.
Producing a statistical best fit line to a test series enables empirical equations to be

developed, and a causal relationship to be established. Together these improve

. _understanding and quantify the scour in the prototype environment. For this study the

following experimental aims were established:

¢ Examine the latest experiments to define a causal relationship;

¢ Investigate the conditions when 0.04 <d,/ L, < 0.08, a region of interest
defined by earlier scour predictors;

o  Test the existing scour predictors of Xie (1981), Fowler (1992) and McDougal
et al (1996) usmg the latest results;

*  Produce a new prediction equation, suitable for use by coastal engineers to
predlct maximum and toe scour for a range of seawall conditions;

¢  Establish the principle mechanisms leading to maximum toe scour.

5§3. Materials and methods

Physical model tests were conducted in the new 40 m, 2D wave flume within the -
Froude Modelling Hall at HR Wéllingford, UK. The flume, 1.2 m wide by 1.7 m high,
consisted of concrete side walls and a4 m lorlg glass side window opposite the seawall
(Frgure 5-2). Irregular period JONSWAP spectrum waves were generated using a
piston-type wavemaker, with stroke length +-0.6m and max1mum operating depth of
1.6 m. An integral absorptlon system was used to absorb wave energy reﬂected by the

seawall

A 19.2 m long, 1:30 smooth concrete slope was constructed from the flume floor up to
an elevation of 0.64 n, to form a test basin 5.14 m long which was filled with Redhill
110 sand with Dsp = 0.111 mm, and a settling velocity of 0.0077 ms’ ! (based 0n_$oulsby,
- 1997). Intests 1 to 14 a 1:30 beach slope was used, tests lS to 34 used a 1:75 beach
slope. Befo_re each run the sand was re-profiled using a screeder and screed boards to

provide a smooth finish.
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Figure 5-2: Flume cross section schematic

Beach profile measurements were collected using a touch sensitive profiling system
(HR Wallingford, 2007), which caused lonly slight deformation (approximately 1to2
mm) of the sand bed. The specified system resolution was + 1 mm in the horizontal
difection and + 0.5 mm in the vertical direction. This data was interrogated to determine
the magnitude of scour at the toe of the seawail '(S,v) rand the maximum scour on the beach
profile (S,,). In the SIOping wall tests, scour at the wall caused the toe position to move
~ seaward, as the buried element of the seawall becarﬁc exposed; therefore S, was measured
where the new beach level intersected with the wall at the end of the test.
A group of four wave probes was situated at the offshore end of the flume and
‘additional probes were placed over the sand bed and near the seawall. Dufing_the tests
the vertical seawall created reflected waves, there were removed at the end of the flume
by the absorbing wave paddle. In the wave probe records, the incident and reﬂected
waves were separated by perfdrming reflection analysis using the Goda & Suzuki
(1976) least squares method on the data from the three offshore wave probes. The wave
| height records were analysed using a Fast Fourier Transform to derive the wave energy
spectrum for co’mparis’dn to the specified input spectrum. Statistical analysis was then
" conducted to determine the offshore significant wave height (Hy), offshore peak wave.

period (7,,) and reflection coefficient for each test.

" Further details of the test procedure énd equipmént setup are described in HR
Wallingford (2006). The tests conducted with variable water levels and rock toe

protectio_n are reported in Sutherland et al. (2006).
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54.  Results
54.1. Scour depth results

Test results were obtained for a vertical and 1:2 slloping seawall with a significant wave
height (Hy) of 0.20 m or greater, for a‘raAn-gev of irregular wave periods (7,) and seawall |
toe water depths (d). The pre-test setup and éalibrafion runs indicated that a dufation of
. 3000 peak period waves would»préduce scour conditions consistent with the tidal
~ exposure -duration in the UK. Beach profile measurements >we're taken at the end of each
- test to determine the toe scour (S;), the maximum scour (S,,) and the position (X) of
maximum scour relative to the seawall toe (Table 5-2 & Table 5-3). The tablés include

the Iribarren number (&), an indication of wave breaker type.

" Table 5-2: Vertical seawall test results

Test ‘:fj‘lf:‘ Hym) T,(s) &  d(m) Z”f Sc(m) Sm(m) X (m)

: 1 1:30 0.193 1.55 0.15 0.200 0.087 _ 0.057 0.057 0.031
r‘ 2 1:30 0.193 =~ 1.87 0.18 0.200 0.060 0.065 0.065 - 0.031
| 3 1:30 0.198 2.29 0.21 - 0200 -0.040 0.130 0.130 0.031°
‘ 4 1:30 0.194 3.24 0.31 0.200 0.020 0.158 0.158 0.031-
i 5 - 1:30 0.197  4.58 043 0.200 0.010 0.140 0.143 0.049
6 1:30 0.204 1.87 “0.17 0.000 0.000 -0.031 0.025 0.731

, 7 1:30 0.196 3.24 0.30 -0.000 0.000 -0.011 0.032 1.513

8 1:30 0.197 1.87 0.18 0.100 0.030 . 0.110 _ 0.111 0.006

9 1:30 0.202 1.87 0.17 0.400 0.120 -0.013 0.035 0.327

11 1:30 0217 324 0.29 -0400 0.040 0.040 0.117 0414
12 1:30. 0197 324 030 0.100. 0.010 0.088 .0.114 0.469
13 1:30 0295 229 0.18 0.150 0.040 0.093 0.125 0415
14 1:75  0.280 1.87 0.06 0300 0.090 0.036 0052 0354
15 1:75 = 0.196 1.87 0.07 = 0200 0.060 0.027 0.048 0.295
‘16 1:75  0.197 324 012 0200 0.020 0.089 0.102 . 0404
18 1:75 0.191  4.58 0.17 0200 0.010 0.062 0.119 0495
19 1:75 0215 324 0.12 0400 0.040 0.050 0.100 0417

Table 5-3- 1:2 sloping seawall test results

ot D Hom) T,() ¢ d(m) d/Ln Sim) on Ke(m)
26 1:75 0.190 1.87 0.07 0.200 0.060 0.063 0.068 0.165
27 . 175 0.192 3.24 0.12 0.200 0.020- 0.104 - 0.105 0.232
28 1:75 0.194 1.55 -0.06 0.200 '0.087 0.062 0.072  0.155
29 1:75 0.241 1.87 0.06 S 0.300 . 0.090 0.063 0.052 0.203 -
30 - 1:75- 0243 3.24 0.11 0.400 0.040  0.043. 0.064 0.124
31 1:75 0.201 1.87 0.07 0.000 0.000 -0.001 0.010 2.480
32 1:75 0.206 3.24 0.12 0.000 0.000 -0.006 0.023 2.640
33 - 1:75 0.192. - 1.87 0.07 0.400 0.120 0.014 0.024 0.066
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5.4.2. Scour beach profiles

Figure 5-3 shows typical beach profiles, for similar wave conditions, over a range of
water depths, for a vertical seawall. The profiles were plotted with axes of equal scale to
represent the scour shape. The shallow gradient of the beach profile shape differs
greatly from the typical examples provided in coastal engineering books, which are
frequently presented with an exaggerated vertical scale which can be misleading. For

example Figure 3-6 taken from Loveless (1994).

0.1

=1 T T
-ad;=0.0 —a— 0;=0.1 ~o—dy=0.2 —e-0,=04

SEA WALL

Elevation (m)
o
o
I

-5

%\0\4

'0.1 T
-0.35 -0.25 -0.15 -0.05
Distance from seawall (m)

Figure 5-3: Beach level at 3000 waves, Tests 4, 7, 11 & 12 for a vertical seawall.
Hy=0.2m, T,=324s

The scour depth peaked when the water depth was sufficient to allow breaking waves to
impact onto the seawall. This typically occurred when Hy/d, = 1 and led to sediment
suspension by reflected and turbulent flows. These conditions also produced high
velocity jets and spray, which were directed up the wall, before plunging down into the
flume and mobilising sediment. As a result the rippled bed forms at the wall toe were
washed away. This bed feature is discussed further in Chapter 5.8.2 and shown in

Figure 5-13.

The velocity of the downrush was estimated at 4.3 m.s™ from analysis of video images
and was approximately ten times greater then the critical threshold for sediment
transport, demonstrating the importance and dominance of these flows to the scouring

process when the wave conditions enable their formation.
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When the water depth was very shallow (Hp/ d; > 4) waves broke offshore and only
small swash waves reached the beach, leading to accretion at the toe of the wall. When
the toe water depth was increased significantly (Ho/ d,<0. 5), turbulence associated
- with wave breaklng was localised at the water surface and only occas1onally reached the
| ‘bed. Sediment transport appeared to be domlnated by flows associated with the wave

orbital motion, moving the position of greatest scour offshore of the seawall.

55 Toe scour prediction
In the sediment transport test, the interaction of the incident waves and the seawall =
demonstrated that the ltoe water depth was critical in determining the type of wave
v breaking, which dictated the positi‘on and magnitude of sediment transport at the wall
toe. This suggested that analysing the dataset using the non- d1rnens1onal parameters in |
Figure 3-9, would be beneficial. Non- dimensional analys1s can be used to identify
causal relationships in different physical model experlments, without the need to

establish the precise model scale.

This approach was developed and a refined prediction ‘equation produced by the author
in cooperation with Dr James Sutherland HR Walhngford and Dr Gerald Miller-

Un1vers1ty of Southampton

5.5.1. Non-dimensional analysis

The datasets were compared using the units d,/ L, and S; / Hp, similar units to those

used by Sumer & Fredsge (2002), however the peak wave period was converted to the

mean period, by multiplying by a factor of 0.781 to enable later comparison with
regular wave tests results and the field data presented in Chapter 4. The initial analysis

focused on scour at the wall toe (S;), as opposed to maximnm scour across the beach

profile (S,,), as toe scour is considered more critical to seawall damage and failure.

| Figure 5-4 and Fi gufe 5-5 combine the scour results for the 1:30 and 1:75 bed slopes,
with Fowler (1992) 1:15'bed slope for a vertical seawall. Both toe scour and maximum
scour followed: a similar pattern, increasing to a point where d;/ L, = 0. 017 and

| decreasing either side. Additional data points from Xie (1981), who used a flat bed
proﬁle, fine sand and ifregnlar per’iod waves, .confirmed that:maxirnum andtoe scour

decreases when d;/ Ly, > 0.04. In the case of toe s_c'our,the Xie dataset highlights the
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potential for accretion to occur under reflective wave conditions. However, it is likely
that the flat beach profile used in these tests contributed to the significant height of these
accretions compared to the results of HR Wallingford (2006). The single test from
Kraus & Smith (1994) appears to fit the scour depth trend, despite being modelled with

an equilibrium beach profile.
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® Xie (1951)- Vertical wall test 1c
A Fowler (1992)- Vertical wall tests
M Kraus & Smith (1994)- Vertical wall test ST_CO
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Figure 5-4: Combined medium scale flume tests -Toe scour
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Figure 5-5: Combined medium scale flume tests -Maximum scour
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Due to the flat beach profile and equilibrium profiles utilised in the Xie (1981) and
Kraus & Smith (1994) test, these datasets were not taken forwards. Based on there
similar methodology and concurring result, the HR Wallingford (2006) and Fowler
(1992) datasets were combined for further analysis and comparison to the existing scour

prediction equations for toe scour.

5.5.2. Vertical seawall scour predictor comparison

The maximum toe scour results from the combined Fowler (1992) and HR Wallingford

(2006) datasets were used to test the fit of Equations 5.1 as shown in Figure 5-6.

1.4

— — Xie (1981) - Eqn 5.1
2 Fowler (1992) - Eqn 5.2
Ly - - A Combined flume dataset

T

A

>

1

A

-0.2 T T — T T T , T .

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 .12 0.14 0.16 0.18
d/ Ly

Figure 5-6: Comparison Xie (1981) and Fowler (1992) scour predictors to the combined dataset

Given the similarities of Figure 5-4 & Figure 5-5, Equation 5.1 from Xie (1981) for
prediction maximum scour on the beach profile was applied to predict toe scour. The
curve represents the approximate shape of the scour envelope for events where

d,/L,, > 0.04, but significantly over estimates the toe scour depth. This would also occur
when plotted against values of maximum scour. Equation 5.2 from Fowler (1992) was
found to fit the upper extreme and general shape for d;/L,, < 0.03, though this is where
most of the Fowler test results occur. However, the equation is limited to values of

d, >-0.1m, therefore cannot cross zero on the ordinate axis.
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Predictions based on Equation 5.3 from McDougal et al. (1996) are dependent on the
beach slope and sediment size. Therefore three test cases were predicted: 1) Fowler
(1992), 1 in 15 slope, Dsp=0.11 mm; 2) HR Wallingford (1996) 1 in 30, Dsp = 0.11
mm; 3) HR Wallingford (1996) 1 in 75 slope, Dsp=0.11 mm. The predictions and

corresponding elements of the combined datasets are shown in Figure 5-7.
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Figure 5-7: Comparison McDougal ef al. (1996) scour prediction equation to specific tests in the

combined dataset

Equation 5.3 highlights the effect of beach slope, with the results for each slope peaking
around 0.02 d/L,,. The 1 in 30 and 1 in 75 curves fall significantly below the peak scour
depth and do not acknowledge the significant decrease in scour for d; /L,,> 0.04. The
predictions for the 1 in 15 slope exceed the test results of Fowler (1992). They do
however follow a similar gradient and provide an upper estimate of predicted scour
depths. However, the equation returns a complex number when d, < 0, therefore values

in the range cannot be predicted.

In summary, the combined flume dataset show that a significant change in
hydrodynamics occurs at 0.02 d,/ L,, irrespective of beach slope. The existing equations
do not consider this process adequately; therefore a series of new equations were fitted

to the dataset for both probabilistic and deterministic prediction of toe scour.
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56. Development of scour predictor for probabilistic application

The dependency of scour depth on wave height, wavelength, beach slope, Iribarren
number, reflection coefficient and a rahge of other variables was first approximated by.
plotting each variable against the scour depth data ahd observing the correlation
' (Appendix D). These results suggested thatvthe toe water depth and wavelength were
the most significant. HoWever given the scatter in the plots, it was acknowledged, that
these variables do not represent the physics of toe scour, but simply constitute a key

element of the processes at work; potential for wave breaking.

- At this stage 4 more rigorous numerical definition of the type of wave breaking in front
of the seawall was not tested, due to a only a qualitative assessment of wave breaking

being available. However this aspect was explored in greater detail in Chapter 7

The dataset was split into two halves around the points of maximum toe scour

(0.015 < d, / L,, <0.035). Applying an iterative approach, each breakpeint wés tested by
ﬁttihg a sec‘ond order pelynomial trend line to the dataset usihg a least squares fitting |
technique. The optimum fit was obtained, as detailed in Equations 5.4 a_rid 5.5 and
v Figﬁre 5-8 below. For Equation 5.4, the coefficient of determination (R?) and the
standard deviation were determined as 0.57 and 0.249 respectively. Equation 5.5
obteined similar values with an R? value of 0.69 and standard devi'ation.of 0.237. The
equations are vahd in the range -0.013 <dy/L., <0.018 for the prediction to toe scour at

- seawalls with beach slopes between lin15and 1in75.

5, =362.95 4, +20.55| —+ d +0. 18 d/L,<0.021 (5.4
HO -Lm Lm .

s NCAT AT ' »

—+ =84.064] —| —19.11f —= |+1.118 . d,/L,>0.021 - (5.5
H, L.,) \L, | o

Though the R? value is significantly 1ess’ then 1, which would indicate an exact
prediction, the equations represent the key tfends in the dataset and are an
approximation of the complex hydrodynamic and sedimeni processes occurring in front
of the wall. To verify the key parameters were rei)resented by the equations, the

prediction residuals(Spredicted'- Sobserved) WEIE plotted against L,,, d/L, and the Iribarren

78




Chapter 5 — Sediment transport study: scour prediction

number (Appendix E). The residual values were highly scattered compared to the
Iribarren number and the d/L,, ratio, however a clear correlation to these parameters

was not observed.

1.0

A Flume data LHS
# Flume data RHS

Eqn: ;5: y = 84.064x" - 19.109x + 1.1183
* & R® = 0.6895
0.0 | Ean:5d4y= 3622.9@§ +20.551x + 0.1759
A R® = 0.5697 -
-0.2 Sk , : : : : : -
-0.005 0.015 0.035 0.055 0.075 0.095 0.115 0.135

d/Ln

Figure 5-8: Plot of prediction Equations 5.4 and 5.5 to the combined laboratory dataset.
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5.7, Scour predictor development for deterministic application

5.7.1, Approach 1: HR Wallingford (2006a)
As part of the Defra funded research project, Dr J Sutherland of HR Wallingford

combined the medium scale toe scour model datasets with the field results from
Blackpool and Southbourne. His aim was to develop a conservative estimate of toe
scour over a range of relative water depths, beach slopes and sand grain sizes which
could be applied to develop design tools and be incorporated into risk based asset
management software. Equation (5.6) predicts the maximum toe scour (Syy) for a
vertical seawall. The curve, shown in Figure 5-9 below from (HR Wallingford (2006a),
was fitted by eye to provide a conservative estimate scour depth, and is valid for the

range -0.013 < d/Ly, <0.018 and 0 < & < 0.43.

% o ik B e—87r(d, /Lm+0.01)(1 B e~67t(d, /L,,,+0.01))

(5.6)
S
1.0
@ Vertical Wall, 1:30 beach
0.8 | A Sloping Wall, 1:75 beach
' O Vertical Wall, 1:75 beach
O Fowler 1992, 1:15 beach
0.6 X Xie, flat beach
+ Supertank, 1:23 beach
0.4 — Smax
o Blackpool
- A A Southbourne
=, 0.2 -
n O
A
0.0 o .
-0.2
X
0.4 -
X
'0.6 T T T T T T i T T T
-0.02 0.00 0.02 0.04 0.06 0.08 0.10 012 0.14 0.16 0.18
h/Ln

Figure 5-9: Equation (5.6), conservative predictions of maximum toe scour compared to medium

scale flume and field data

The curve above can be applied to provide a simple first estimate of toe scour risk at a
seawall and conservative values of scour depth. However, similar to the prediction

equations 5.1 to 5.5, the curve does not indicate the significant changes in wave
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breaking conditions occurring within different regions of the prediction. Furthermore,- :
extrapolation of the curve beyond, d/ L, = 0.12, suggest that toe scour continues to
occur, under these conditions toe scour w111 be expected to decrease and be replaced:

with toe accretlon due to reﬂectlve wave conditions.

5.7.2. A'pproach 2: Pearce et al. (2008)

To provide a more accurate prediction of mean toe scour depth, the dataset was split in
half at the peak toe scour depths and a curve fitted to each side of the dataset. To ensure
the resultmg equation remalned practlcal for determ1n1stlc applications, the following

add1t10nal_ criteria were established:

1. Be relatively simple with few fitted coefficients, to enable the user to interpret
the effect of different varlables o ’
2. The predicted scour depth should tend towards zero for high and low relative
water depths to prevent erroneous results;
3. The peak predicted scour depth should always remain below S/ Hs; <1, as
shown in recent scour field and laboratory measurements;
4. The curves should be tested using statistical analysis to ‘minimise human bias
and error; | ' ' .
5. An upper ehvelope should be generated to enable conservative scour depth

estimates for design. -

Statistical methods for developing the predictor

The judge thevre'liability'and success of each new equation_the systematic and
unsystematic root mean square error (RMSE) and the bias statistical tdols were used to
Quantitativelyvmeas'ure the fit and pﬁovide guidance on how each equation could be
improved to reduce the error. This procedure assumed that the observations were €rror-

| _freevvand therefore all errors were a result of the prediction equation. This approach was
adopted due to the relatively simple p'arameters collected during the experiment (e.g. toe

water depth, wave height, scour depth etc). v o : |

The systematic error (RMSE;) represents the success of the equation in making the right
predlctlon for each data point, a systematic error of zero would represent a perfect fit
“(i.e. Y=X). The results of the scour predlctlon equation were plotted versus the observed

values and a linear trend line fitted using a least squares algorithm. The difference
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between the observed value and the corresponding prediction on the trend line were

squared, summed and square rooted.

The unsystematic error (RMSE,) is a measure of random errors in the experimental
method or procedure (i.e. scatter); and was only considered briefly to evaluate the data
quality. The prediction bias was also measured. This provided an indication of the offset
of the trend line prediction when zero scour occurred, i.e. graphically a well fitting trend
line would be expected to cross at the intersection of the X and Y axes. The systematic
and unsystematic RMSE equations are presented below (Eqn 5.7 & 5.8 respectively),
where X represents the observed value, Y the prediction, and ¥ the trend line prediction
for the least squareé fit. For simplicity, when presenting the error results, the systematic
and unsystematic were summed to calculate the total root mean square error. The effect

of systematic error and bias are demonstrated in Figure 5-10.

R 05
RMSE, = [(Y = X)Z] (Eqn 5.7)
. 0.5
RMSE, = [(Y - Y)Z] (Eqn 5.8)
080 Line representing
exact prediction \
0.15 1 y
/ Zero systematic error )

9 /" High bias # Zero bias
g / Low systematic erro
©
>
g A / High bias
L ; High systematic error
g /./
o /

0.05 {~

0.00 £ T . T

0.00 0.05 0.10 0.15 0.20
Observed Values

Figure 5-10: Characteristics of the systematic & unsystematic error and bias

82




* Chapter 5 — Sediment transport study: scour prediction

By utilising a statistical measure of the error, the fit of the scour predictor to the dataset

was obtained w_ithout including human bias from interpreting the results graphically.

Predictor 'results

To produce a best fit line, the dataset was split in two parts by iteratively selecting a
break point"bet‘ween d;/Ly, 0.0075 and 0.03 and derivingvanvequation to represent data
lying on either side of the break. The success of each equation was determined

empirically using the systematic and unsystematic root mean square error and bias.

Equations (5.9) and (5.10)'bel'ow were found to satisfy the prediction critefia,'maintaih

alow bias' and systematic error for a break point at d/,,=0.016.

125
S, d ‘ .
—={35—-+0.53 -03 d/L, <0.016 o (5.9
HO Lm ) ) . ’
s iy (a | | f
— =42 | —15 -~ |+1.03. - d/L, > 0.016 ' (5.10)
HO Lm ' Lm ) ‘ : : ' .

The besf-ﬁt lines for Equation 5.9 and 5.10 are shown 1n Figure 5-11, which have a total
RMSE of 0.246 and 0.167 and bias of 0.0 and -0.004 for the left and right side equations

respectively. Plots showing the goodness of fit for each equation are included in

Appendix F.
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— Equation. 5.9 & 5.10
‘ === Upper Envelope Eqn. 5.11 & 5.12

A Flume data

S /Ho

-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
d/ Lo

Figure 5-11: Best fit toe scour Equations 5.9 and 5.10 plotted with upper envelope toe scour
equations 5.11 and 5.12

Equations 5.9 and 5.10 were developed further to derive an upper scour envelope as
shown in Figure 5-11. Equations 5.11 and 5.12 were fitted by eye to predict the

maximum toe scour for deterministic design.

:;’ =(35d—’+0.53J—0.1 di /Ly 20,0165 (5:11)
0 m

S d "  (d

—L =42 + —15 —+ |+1.24 d,/L,, > 0.0165 (5:12)

HO Lm Lm

Equations 5.9 to 5.12 are limited to -0.015 < d, /L,, < 0.12 and peak at S,/ Hyp= 1. At
the lower extreme, accretion is predicted at the toe of the wall. These equations remain

valid for small values of d, including negative values, unlike the equations shown in

Figure 5-7.
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5.7.3. Sloping seawall scour prediction

Few medium scale irregular wave scour experiments have been conducted on sloping
seawalls. The results of HR Wallingford (2006) showed that a 1:2 sloping wall could be
as equally prone to toe scour as a vertical wall. The sloping wall flume results were
plotted with the field results from Blackpool against the vertical scour prediction
equations 5.9 to 5.12 (Figure 5-12). At the sloping wall, S,/ Hy remains </, and scour
peaks at around d, / L,, = 0.025. The results show that most of data points fit the
general profile of the vertical wall best fit line, and with the exception of one point, all

points fit the upper toe scour envelope equation.

1.00 ~
¥4 N —— Equation. 5.9 & 5.10
Yy N == Upper Envelope Eqgn. 5.11 & 5.12
0.80 —— ~ 1 m Field data (Southbourne)
/ ~ A Flume data (HR Wallingford 2006)
0.60 +——— ~

~

0.40 //A- \\\\\‘
/A
i T~

-0.20

Si/Hy

‘040 L) T T T 3 T T T : T T T

-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
di/ Loy

Figure 5-12: Comparison of vertical seawall toe scour prediction equations to the 1:2 sloping

seawall flume tests and field experiments at Southbourne
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5.8.  Discussion

581. Limitations |

The Fowler (1992) and HR Wallingford (2006) datasets were conducted at medium'.
scale, using irregular period waves in a 2D flume. By using fine sand, suspehded_
sediment transport dominated in both experiments, though was reduced in the tests
conducted in very shallow water. Both experiments were conducted in similar sized
ﬂumes and complement each other, despite being collected at different research
institutions, demonstratmg that laboratory effects were minimal. The combined dataset

represents the best currently available for predicting scour at seawall structures. |

The new dataset supersedes the reported small scale sediment transport tests which
have tended to be bedload dominated, often utilising regular period waves, which
overestimated scour depths. However in both tests series, the 81gn1f1cant wave heights

' modelled were in the range of 0.2 to 0.3 m for both experiments therefore the
dependence of scour depth of wave height has not been fully investigated, and requ_ires
further at modelling at medium or large scale. It could be speculated that the incident
waves i/vould be depth ‘lirnited, therefore an increase in wave height may simply cause a
- shift in the breaker position and lateral shift.in position on Figure 5-6, leading a change

in the scour depth.

The combined datasets included beach profiles at 1:15>, 1:30 &.‘ 1:75, all commencing
from a plane bed slope to ensure consistent scour depths were recorded. The different |
beach profile slopes are likely to be the main cause of the scatter in the dataset, with
steeper beaches tendin_g to generate the deeper scour. Only Kraus & Smith (1994)
conducted tests with an equilibrium beach profile, which was found to fit well with the

. other tests. An equilibrium profile would be expected to encourage wave breaking in the
surf zone, however if the beach levels are low, there may be insufficient beach material
to form the profile. Further research using'a vari_ety of beach slopes, and a repeatable

equilibrium beach profile are required to fully understand this variable.
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flows associated with the wave orbital motion, though plumes of suspended sediment i

| 5.8.2. Model and Seale effects

When designing the experiments a prototype scale was not chosen, instead the

experiment was setup, using fine sand and high relative wave energy to ensure
suspended sediment transport was achieved. For reference the medium scale test
examples provided in Section 2, were based upon Test 4, and demonstrated suspended

sediment transport would occur in most cases. .

As the model tests results could be applied to prototype wall designs, it is importaht to
investigate the influence of model and scale effects. At model scale the increased
relative viscosity of the water and fine sedin_lent grain size appeared to inhibit swash
transport processes when the water depth was shallow (Hyp/ d; > 4). Though the final
beach profiles provided evidence that onshore sediment transport and infilling of scour I
features could occur, this was less then ei(pected. This scale effect only seemed to affect

the minority of tests where the toe water depth was < 0.05 m.

During tests where (0.5 < Hy/ d; < 3), breaking wave impacts and turbulence turned the
water cloudy, with sediment plume_é often persisting over one wave period duration.
Given the high wave energy dissipation and the dominance of suSpended sediment

transport these test would be expected to suffer from the least viscous scale effects.

In the deep water tests (Hy/ d, < 0.5) sediment transport appeared to be dominated by |

were also visible when reflected waves generated high speed flow accelerations. Based

on linear wave tli_eory the peak orbital .velecity at the bed for a wave with Hp = 0.2 m,

T, =3.245s,4d; = 0.4 m would be approximately 1 m.s™', which is approximately ten

times greater then the threshold for sediment transport of the sand used in the

experiment. This confirms that even the deepest tests were capable of generating

significant sediment transport.

During the tests, sand ripples were obServed in the bed and though .c'onsistent in form to
ripples observed in the field, they appeared overly large compared to the model scale
(Figure 5-13). This was assumed to be a consequence of the increased water viscosity, -

which caused the sediment boundary layer to increase and enable higher ripple growth |

~
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before becoming limited by drag. The net result was to increase the bed roughness, and

hence energy dissipation of waves as they passed over the bed.

In a bedload dominated model, ripples could reduce the sediment transport rate, by
resisting motion of sand particles. The dominance of suspended sediment transport in
these experiments, suggest this would be less of a problem. Compared to the energy
dissipation due to wave breaking and wave reflection, this source of energy loss was
considered negligible. This was supported by a lack of bedforms at the toe of the wall
when Hy/ d,= 1, where high velocity downrush flows following the wave impact

produced high levels of turbulence and sediment suspension.

Seawall

Flat bedform
Length = [00mm

Symmetric cross
flume ripple
bedform.

H = 10mm
Length =50mm

400 mm length (approx)

Figure 5-13: Overhead view of flume sand bed, with evidence of ripples offshore of the seawall, and
a lack of bedforms at wall toe

Quantifying the effect of these scale effects and model effects such as wind, oblique
waves and salt water remains difficult. There is a clear need for full scale physical
model experiments and additional field measurements. Partial validation of these results
was achieved through a comparison with the field data collected at Blackpool and

Southbourne in Chapter 7.
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5.8.3. Scouf prediction | - | |

- A non-dimensional plot of relative scour depth (S / Hy) and relative watwer depth at the
toe of the model seawall (d:/ L,) Wa’s found to iilustrate the key factors affecting the
variability of toe séour; of which wave breakingvappcare'_d the most important. Takihg
forward the simple comparison by Sumer & Fredsge (2002); the scour prediCtofs of Xie,
(1981) and Fowler (1992) were applied to the data. These followed the shape of the
dataset for mid values, but could not predicf scour for shallow toe water depths.

“Therefore an improved probabilistic scour prediction equation was generated utilising

the combined dataset.

The flume data indiéated that both foe and beach profile peak at around 0.018 4,/ L,,

The break point coincided with the most intense wave br,eaking onto the seawall. By

splitting the dataset and fitting two équation_s, the resulting curves demonstrate the key

procéss controiling the toe scour. This is less obvious in the_continioﬁs curve generated
by Equation 5.6, though this equation would be easier to implement in computer

' models.

Using an iterative approach and set criteria, curves were fitted using a least squares -
approach. Equations 5.4 and 5.5 provide mean estimates of toe scour depth for a vertical
seawall with beach slope between 1:15 and 1:75. These curves enable probabilistic

~ predictions of toe scour. .

To provide a deterministic estimate of toe scour depth a series of criteria were
established. These included a requirement for the equations to tend towards zero for

~ both very high and very low relative water, be relatiVely simplve‘ to apply with a low
RMSE and bias. Using an iterative approach and."applyir.lg the set criteria, a series of
equations were fitted to each side of the dataset (Equations 5.9 & 5.10) to predict the

- mean toe scour depth. These curves were then modified to predict an upper maximum

limit for toe scour at a vertical seawall (Equations 5.11 & 5.12).
Scour predictidh equations 5.9 & 5.10 are simple to apply, with a low RMSE and bias,

producing an average value for toe scout on beach slopes between 1:15 and 1:75, with

sandy sediments and a relatively flat beach profile. Equations 5.11 & 5.12 provide and

89




Chapter 5 — Sediment transport study: scour prediction

upper maximum for these conditions when predicting toe scour for deterministic design.

Both equations are limited to -0.015 < d; / L,, < 0.12.

Based on limited laboratory measurements, the toe scour predictor for a vertical seawall
was found to provide an estimate of toe scour at a sloping seawall, though further flume
validation is requiréd' before using these for design purposes. | |

The prediction equations represént a simplification of the key variables affecting scour
depth. Further research is'requiréd to understand the mechahics of seawall wave
breaking and flows at the wall toe. This would enable f\imre sediment transport studies
to focus on other important variables, e.g. wave height, beach slope, initial beach

profile, and clarify the scatter in the dataset. -
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5.9. | Conclusions-

A vertlcal seawall sed1ment transport experiment was conducted to provide improved
understandmg of scour at seawalls. Using a medium scale flume, irregular period
waves and fine sand, realistic wave conditions and suspended sediment transport were

achreved the dominant process in the prototype situation.

At intermediate water depths, wave breaking was found to cause enhanced downward
and seaward flows at the seawall face; generating turbulence and suspending sediment.

This was evident in the increased scour depth and change in sediment bedforms.

By incorporating an existing laboratory dataset of similar scale and methodology, scour
prediction equations were produced to represent this trend and predict toe scour and
maximum scour at prototype seawalls. The non dimensional variables d,/ L,, and S,/ Hy

~were found to represent the treads in the scour dataset.

In general' toe scour was found toviner'ease up to a peak value of 0.018 d;/ L,, (S;/ Hp =
0.90) and maximum beachv profile scour peaked at d/ L,, = 0.016 (S;n/ Hy=0.96), |
coinciding with the most intense wave breaking impacts. S,/ Hy always remained less
then one: Either side of the peak,i the scour depths tended towards zero, as the shallow '
water depth caused spilling breakers or large water depth tended to cause more
reflective waves. In the prototype environment these conditions may induce accretion

at the wall toe.

_ Based on this analysis probabilistic eqnations were developed to predict mean toe scour
(Equations 5.4 & 5.5) using a least square fit. To enable scour depth predictions for
design, a deterministic predictor was developed based on a series of criteria iterative
approach to minimise the RMSE and bias. These were then extrapolated to produce an
upper maximum prediction of toe scour (Equation 5.11 & 5.12). These equations are
applicable to vertical s‘eaWalls_, with smooth sloping foreshores between 1:15 and 1:75

~and sandy sediment. These limited to the conditions where -0.015 <d; /L, <0.12.
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The toe sc01_ir prediction equations for vertical seawalls were tentatively suggested to

estimate scour at 1:2 sloping seawall, though further measurements are required.

The effect of wave height. on toe scour was not investigated in these tests, but 1s
expected to be depth limited in most seawall locatlons 'Additional expenments are -
required, ideally at large scale, to conﬁrm th1s and the 1nﬂuence of scale effects. Further
field data is also required to evaluate the effect of wind, beach profile shape and oblique

waves.

The prediction equations provide useful probabilistic and deterministic guidance' to’
estimate either mean or maximum scour depth at seawalls. However the equations,
figures and parameter d;/ L,, do riot adequately represent the key scour processes, which
were Suggested to include the wave breaker 'type and wave flow Velocity To understand |
these processes and enable 1nformed scour risk estimates, a more detailed 1nvest1gat10n

of seawall / wave interaction is requlred
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6.  Toe scour hydraulic flow study

6.1. Introduction

In the previous chapter a series of physical model test results were presented which
quantified the depth of scour under controlled laboratory conditions. Based on this
dataset, the non-dimensional ratios toe scour depth over significant wave height (S;/Hp)
and toe water depth over the mean offshore wavelength (d,/L,,) were found to predict

maximum scour for a range on incident wave conditions.

For a fixed wave period and wave height, the deepest toe scour occurred when

d;/L,, = 0.017 and coincided with the incident waves breaking onto the wall, rushing up
and then falling down towards the toe, causing sediment transport. ASCE (2006)
suggested that these flows and their associated vortices may encourage sediment
transport at the toe, though no guidance as to their structure or velocity was suggested.

To find evidence of these flows and verify their importance, time sequence images were

sampled from video collected during the sediment transport experiments (Figure 6-1 &

Figure 6-2).

Figure 6-2: Plunging wave breaking and vortex in front of vertical seawall
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In Figure 6-1, the first image shows the incident wave starting to spill as it approaches
the seawall. On reaching the wall the wave flow is directed upwards and causes an
uprush of water and significant spray approximately 0.5 m above the still water level.
As the wave reflects from the seawall, the water rushes down the face of the wall and
the spray falls down onto the water surface. Near the wall toe, the water becomes highly
turbulent, with significant overturning and entrainment of air bubbles. In Figure 6-2, the
wave breaks violently just before the seawall, and directs a plunging breaker towards
the bed and spray towards the wall. These cause a chaotic wave uprush and a high
velocity vortex at the toe of the wall; this is highly aerated and leads to significant

suspension of sediment.

Close up samples of a wave downrush flow and a wave breaking at the wall toe are

shown in Figure 6-3 and Figure 6-4 respectively.

Figure 6-4: Breaking wave causing turbulence and sediment suspension
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Neither the field measurements nor the sediment transport study were suited to carrying
out a detailed analysié of these procesées, which oec'ufrred Within a couple of seconds
and varied with each incident wave. Apart from the visualisation of broken clapotis
waves at a _breakwatef by Gao & Inouchi (1998), the effect of bfeaking wave flows on

- sediment transport at 'a seawall have not been investigated. Therefore»é series of

hydraulic experiments were conducted to explore these processes in more detail.

6.2. Experimental aims

It was hypothesised that breaking waves generate fast moving flows at the face of
vertical seawall, leading to enhanced sediment suspension and scour at the wall toe, in
addition to orbital flows associated*With reflected wave transport. The aim of the

. experiments was to answer the following questions:

e C(Can partiCle image velocimetry (PIV) be used to make observations and
measurements of the scourfng wave flows? '

If so, what are the flow patterns at the seawall and seabed?

What effect do these flows have on sediment transport and toe scour?

e How does the flow structure change on a scoured beach profile?

| : This research will:

e  Collect evidence of the flow reglme in front of a vertical seawall

- Establish the position and magnitude and flows assoc1ated Wlth wave downrush
and toe vortices; _ ' |

e  Compare the position of toe scour in the sediment transport tests to the flow
velocities iﬁ the hydraulic stﬁdy; |

Produce scaled models of the scour beach profile and observe the effect on wave

flow.
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6.3. Methodology

. 6.3.1. Limitations of existing flume study

The sediment transport study was used to simulate scour at a seawall using a movable

sand bed exposed to 2D irregular 'périod waves. In the tests a range of spilling, plunging -

and pulsating waves occurred, with the dominant breaker type dependent on the wave
~height and the toe water depth. When the conditions produced wave impacts at the
seawall, flow velocities were observed to increase. Direct measurement of these _ﬂbws
would have required invasive current metérs,‘- which would have interfered with the

- sediment transport and sampled only a small region of the flow.

To sample the whole wave ‘ﬁ_eld without obstructing the flow, it décidgd to conduct a
small scale hydraulic model study using regular waves and a fixed concrete bed. This

- enabled Particle Image Velocimetry (PIV) techniques to be utilised.

6.3.2. Particle image velocimetry

PIV is a non-intrusive method for simult.aneo.usly ineasuring the speed and direction of -
complex flows. The techﬁique can be applied to fluids and gases and involves seeding
the flow with reflective particles, then iliuminating and observing their motion by

_ collecting'successive camera images at high speed. By using images pairs, the position
shift of particles between frames can be determined and when combined with the image

scale and frame rate, the flow speed and direction can be calculated. _

The choice of seed partic_le is important and represents a compromise between seve;al
factors. .Very fine particles would provide the highest resolution, but require high
camera lens magnification to cnsuréf they are represented by 2-3 pixels within the PIV -
| image, otherwise distinguishing partiéies becomes difficult: The alternative approach
would be to decrease with image size and increase the camera resolution. In this case
the image would have been limited fo only a small region of the flow field at the toe of

the wall.

- If larger diameter particles are used, they equate to a corresponding increase in the

nﬁ_rﬁber of pixels in the PIV image. This decreases the resolution of the PIV system and

prevents measurement of smaller flow features. PIV is also based on the assumption

that the particles accurately represent the motion of water particles. The inertia of larger
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particles can lead to the seed particles followrng there own trajectory within the flow

field, inducing bias.

v Irr this study, the hydradlic flow was seeded usirrg neutrally buoyant, unexpanded
polystyrene spheres of diameter ¢.0.75 mm. These are larger then those typlcally used in
wave or current flow studies. The particles typically equated to 3-4 pixels dlameter
(0.07 cm) in the PIV i image, but represent a compromise between the size of the flow
feature, the camera reso]utidn and the need to capture the entire ﬂdw field at the
seawall. This was justified on the basis that the flow features were large (e.g. the toe

" vortex diameter was a minimurrr of 1.5 cm, though typically 2-3 cm) compared to the
seed size. However, it would not be appropriate or accurate to derive the flow speeds of,

for'eXample, the near bed boundary layer or flow features smaller then 0.5cm diameter.

High quality digital images were collected using a high speed camera and a frame rate
of 70 frames per second (fps). Despite achieving a lower resolution then traditional
photographic film techniques, the digital images enabled experiment results to be |
previewed instantly, and the flume lightirrg and seeding to be optimised befdre each-test

was run.

Existing hydraulic flow PN experiments have tended to use laser light sheets as a
source of illumination (Adrian, 1991). However due to the configuration of the multiple
ﬂurrlee.within the University of Southampten' hydraulics laboratory, safety restrietions
would have severely limited the experiment operation. The experiments also required

- frequent chenges to the flume beach profile, therefore a more robust and transferable |

. lighting source was constructed using halogen' white spot lights and a narrow filter box.
Compared to a laser system, this reduced the quality of the illumination and expanded
the ii_luminated region in the dire’ction of the optical aXis, but represented the best
compromise given the flume’s position and the need to frequently modify the beach

,. profile position,

Particle velocities were extracted using the Cross Correlation method, where the PIV
image is subdivided into a grid; and each grid region is interrogated to generate a pixel
intensity templare. In the following image frame, the same grid region 'isvlocated and a
second p'rxel intensity terrlplate is generated. The Cross Correlation function statistically

- compares the two templates and iteratively shifts the first template until it matches the
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second. When the images match, the product of the pixel intensity will be high,
resulting in a high cross correlation value. The shift in pattern template between the
frames is then assumed to represent the average movement of particles at the centroid of -

~ that grid region. This is then repeated at each grid point to determine the flow field.

| The grid dimensions afe therefore important. A.ﬁne grid provides highly detailed
results, however if in a high velocity flow, a significant numbef 6f particles could leave
the grid sQuare, and it would not be possible to match the two templates accurately.

‘ Conversely a coarse grid prevents loss of particles, but some of the finer flow details .
can be lost. By testing various conflguratlons the optimum gnd size was determined, as
defined in the following section.. Once the particle displacements were obtained, the

image fréme rate’and image scale were used to calculate the velocity.

To determine the wave characteristiés in the small scale model, gravity was assumed to
be the dominant force inhibiting Surface_wave motions (Hughes, 1993), therefore |
Froude $caling similitude was applied. Using Equations 2.2 & 2.4, a length scale of 1:10
and 1:40 was calculated for the medium and small scale tests respectively, based on a -
prototype wave 2 m high. This resulted in a wave height of 0.2 m in the sediment
transport study and 0.05 m high in the hydrauiic flow experiments.‘ The maximum toe
scbur depth recorded in the sediment transport test was -0.158 m (Test C), which scaled
to a scour depth of 1.6m at prototype scale and 0.04 m deep in the hydfaulic flow
model. The PIV field of view was equal to a prototype beach profile 7 m w1de and a

: seawall 4 m high.

6.3.3. Laboratory flume setup

. ‘A 1:3.0 plywood beach 'slope was set up in a 14 m, 0.4 m wide 2D wave flume and an
impenneable.vertica.l‘ seawéll installed. A section 0.65 m long was left open at the top of
the beach.‘ slope closest to fhe wau; Where concrete test sections could be installed. The
test sections consisted of either a plane bed or a scaled model of the final beach profile
shape from the sedimenftfansport tests (Figure 6-5). These were constructed from a fine
mix concrete with a wiré mesh to provide additional strength and were limited to a

- +5 mm height tolerance due to the uhdulating profile.
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14 m

—> ' Toe Water depth (d,)
varied 0.03-0.10 m_

>

0.5m

/}
(9%
(=)

. =
e

. ———p
Hinged Wave height _\ Water depth . / / 0.6m
Wavemaker (H) 0.05-m . 0.24m . Plywood Concrete test section -

: ' ramp (1:30 or scoured)

Figure 6-5: Flume cross section

A repeatablé group of f_opr‘ regular period waves (H=0.05mand T=0.7 or 1.35) were
generated using a hinged wave paddle with internal wave absorption and recorded using
‘a reéistance wire Wave gauge at the toe of the beach slope. The wave paddle and wave
probes were controlled using a desktop PC and bespbke software via an analogue to
> digital converter and signal'arvnpli_fier. An analysis of the wave paddle output found_‘the |
wave height to vary between + 2 mm, and wave periods between + 0.02 s, though all

test conditions were within two standard deviations of the mean.

The experimehts were conducted using a Froude scaled wave height, mean wavelength
and toe water depth to reproduce conditions in similitude with the corresponding
sediment tfansport test. Before eéch‘test the wave probe was calibrated and a sample'
wave series generated to-enable small adjustments to be made to the wave paddle

thereby maintaining identical wave group characterlstlcs for each test.

99




Chapter 6 — Toe scour hydraulic flow study

During the experiment the water depth at the toe of the wall (d;) was set at either 0.03,
0.05 or 0.10 m by moving the rigid beach profile up or down, while the water depth at
the paddle was kept constant. The beach gradient was maintained at 1:30, therefore the

overall slope length was reduced as the toe water depth increased.

The tank was filled with fresh water and once the water level became steady,
unexpanded polystyrene spheres (¢.0.75 mm) were put into solution with a small
amount of detergent to break the surface tension, and poured into the region of interest.
The wave packet was generated and camera triggered as the wave group approached the
seawall. The tests were repeated with different seed densities. The flume was then
drained and test section replaced with the scoured beach profile, before the test was

repeated following re-calibration of the wave gauge.

6.3.4. PIV setup and image collection

To collect the PIV images, a Basler 601F high speed digital camera was mounted
perpendicular to the seawall and beach profile at a distance 0.95 m from the light sheet
centre line (Figure 6-6). The camera was fitted with a high quality Moritex 35 mm lens,
and achieved a frame rate of 70 fps, with a 5.3 ms exposure time. The camera was
connected to a PC via IEEE 1934 FireWire connection, which controlled camera
configuration, activation and frame grabbing. The digital images were sampled for a

duration of 4 to 6 s with a resolution of 640 x 480 pixels.

14 m x 0.45 m x 0.47 m wave

flume
* Seawall and beach profile
. High speed digital camera

Seed particles in suspension

Figure 6-6: Small scale flume setup for PIV measurements
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~A 15 mm wide white light sheet was generated by a pair of 70 W halogen white spot
lights with tunnel filters, which were positioned above the centre of the flume and
,directed though a 10 mm wide plastic slit (Figure 6-7). To eliminate reflections, sheets
of matt black plastic were used to enclose the flume. The beach profiles and seawall

were painted matt black and the camera tripod was enclosed with a black fabric sheet.

Prior 'toleach test, the Camefa was focused manually on a removable reference scale at
"the centre of the light sheet and a calibration image obtained to determine the scale and
hence number of pixels per mm. The sample images were also used to test for lens
rdistor'tion, which was found to bé of_ the order of Yy 10‘“ of pixel between the image
boUndéﬁes and theréfore insignificant. The image plane measured approximately

0.15 m wide by 0.12 m high, this varied slightly between each test due the different
beach profile elevations. The camera frame rate was verified using a digital stopwatch _

to ensure the camera and PC systefn achieved the target frame rate of 70 fps.

\5

A)

94,/———- Light source ———
N\

| Light sheet —_

300 mm | 400 mm
l‘—.‘_"
L
4

""" '_\\"; St | Water level

o © . . ' )

o | —— Seed particles—___

(o] [+] » . . -
W -} —— Test section “———
W ¢
15 mm " Seawall R

A: PIV normal section - : ' B: PIV longitudinal section

Figure 6-7: Flume PIV cross and long sections

6.3.5.  PIV analysis

The best quality video records of the target wave were selected, based on light-intenéity

and particle seeding density, and then split into individu’al frames. The duration of one

/ ‘wave cycle was determined using the orbital diréction of the particles at the offshore

- boundary. The PIV analysis commenced and concluded when flow reversal occurred at

| the offshore boundary. Image pairs were then converted to 8-bit greyscale images and
anal'ysed using VidPIV.v2.15 cross correlation software. The images were sampled

' using interrogation cells of 64 x 64 pixels with a 32 pixel squére analysis grid, to

provide an overlap and smooth the dataset.
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Each image pair was then visually inspected to remove and interpolate spurious vectors,
which were often generated near the water surface. Vectors exceeding 60 cm.s', which
were beyond the camera frame rate, and points where the flow could not be interpreted
or interpolated were deleted. The analysis was repeated for each image pair for one
wave cycle. The results files were processed using MATLAB to correct the image scale

and produce scaled velocity plots in conventional units.

To verify the VidPIV velocity output, a sample point was selected from Test C, which
included some of the highest particle velocities and caused the seed particles to streak in
some of the images. To determine the effect of these particles on the PIV analysis, the
position of the leading edge of the streak was identified in an image pair and the
difference in particle position calculated over one frame cycle (0.0143 s). The velocity
was found to be within 0.1 cm.s™ of that calculated by the Cross Correlation method,
and demonstrated the ability of the software, when combined with the large grid size, to

calculate the correct particle velocities (Figure 6-8).

Position | Position | Velocity
X Y cm.s™
VidP1V Cross

96 352 46.8
Correlation
Pixel shift

81 353 46.7

(Frame 139 to 140)

Figure 6-8: Particle streak velocity analysis, Test C, frames 139 & 140
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6.3.6.

Test matrix

The following PIV tests were conducted (Table 6-1); the respective sediment transport

tests numbers are shown for reference and the dominant wave breaker type. The

position of each test relative to the scour prediction equations is shown in

Figure 6-9. Tests in the range 0.01 <d,/ L,, < 0.04 were most prone to wave impacts.

Table 6-1: Test matrix

Kiadisiin Model Specification
Test Breaker Offshore Offshore . .
scale test . ; Toe water Non dimensional
reference . type Wave height | Period depth () m d /L
tm__| (s | P o
Spilling/
A 12 0.05 1.3 0.03 0.012
impact
Spillin
B 2 PR 0.05 0.7 0.05 0.058
impact
C 4 Impact 0.05 1% 0.05 0.019
Near
D 11 0.05 1.3 0.10 0.037
pulsating
E 9 Pulsating 0.05 0.7 0.10 0.121
F 8 Impact 0.05 0.7 0.03 0.039
1.00
& — Equation. 5.9 & 5.10
0.80 - A Flume data
A
Aff A AD
0.60 = A
AA
o 0.40 N —
= e . & .
? .20 2
Ay F A \
0.00
L/ el
A
-0.20 + = ~
-0-40 T T T T T T . T T
0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
a7 Ly

Figure 6-9: Toe scour predictors and position of PIV tests
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64.  Results

* The results analysis included a comparison of wave flow observations, velocity

measurements.and sediment transport predictions for both smooth and scoured beach

* profiles. Sample images were included to illustrate the key flow patterns, supported by

vector diagrams which presént the flow velocity at each grid point. These were

" annotated with the still water level, beach profile and seawall position to aid

visualisation.
6.4.1. ©~ Wave flows in front of a seawall

Key wave flow structure

In Tesi A, the toe water depth was shallow (0.03 m) and ,Wave period long (1.3 s)

leading to a spilling wave breaking apprbximately 0.5 m from the seawall. At the wall,

- the fastest flow speed (20-30 cm.s™) occurs at Frame 147 (Figure 6-10 & 6-11) as the-

reflected wave rushes back down the wall. This generates a significant offshore flow in
front of the wall and forms a small clockwise rotating vortex at the wall toe, which

persists for a period of 0.57 s over the full water depth.

For Test B (1_iot shown) the water'v-depth is raised to 0.05 m and period reduced, this

causes the wave steepness to increase. As a result the incident wave spills

* approximately 1m offshore of the wall and continues spilling up to the wall. This leads

to a small spilling impact at the wall, which dissipates quickly.

Test C maintained the same toe water depth but increased the period, producing a more
intense wave impact and significant turbulence at the wall. The wave impact sequence is

shown in Figure 6-12 and described below with refe_rehces to key frames.

During the test, the incident wave remains unbroken until close to the wall (138), where

it begins to throw forward (142). This pro'dﬁces a signiﬁcant uprush flow up the wall

. (0:2 m high), and is followed by a high speed downrush (160) which causes streaking -

and shadows in the image, and makes PIV analysis difficult. The peak veloéity was.

~ estimated at 80 cm.s™ from the particle streak le.ngths, though the flow decelerated

signiﬁcantly to 40-50 cm.s™ once below the water surface (Figure 6-13 & Figure 6-14).
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 velocities are reduced compared to tests A and C (Figure 6-17 & Figure 6-18). The same

. both the period and water depth. As the wave shoals it becomes overly steep and breaks

~ high downrush velocrty was estrmated at 85 cm.s™! from the partrcle streak lengths.

- As the downrush approaches the bed, the still water level was drawn down and an

overturning breaker forms. This generates an intense clockwise rotating vortex at the
wall toe (170 & 172), which occurs for a period greater then 0.5 s over the full depth at
the wall toe (Figure 6-15 & Figure 6-16). The vortex appears to be constrained by the

impermeable bed and the seawall to produee an extreme velocity gradient; only the

. direction of flow could be measured by the PIV software. The peak velocities were

estimated to be in the range of 40-50 cm.s™' from particle streak lengths. As the wave ‘
reflects offshore, the vortex slowly dissipates and water droplets formed during the

wave uprush, splash back down into the flume (178).

For Test D the water depth increased to 0.1 m and leads to a non-breaking pulsating

wave at the seawall The small downrush does not reach the bed, therefore the near bed

water depth was used in Test E (not shown), but with a shorter perlod which causes the
wave steepness to increase. The wave remains unbroken with the fastest flows confined
at the water surface. The reflective flow structure appears visually 51m11ar to Test D,
however early analysis of the peak velocities and net flow showed a significant offshore
flow. This wers incdnsrstent with the sediment transport results and the preceding flow
tests and suggests either an experimental error or problem with the i 1mage capture

process; therefore this test was not 1ncluded in the flow analysis.
Test F maintains a similar toe water depth / wavelength ratio as Test D, by decreasing

approx 2.5 m offshore, before reforming into a smaller wave. This generates a near

impact interaction with the seawall, with a small uprush ‘but 31gn1ﬁcant downrush. The:

Once at the bed the shallow water forces this flow offshore, and generates a small

rotating vortex at the toe of the wall, for a period of 0.47 s (Fi gure 6-19 & Figure 6-20).
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Figure 6-10: Test A, frame 147-Wave downrush
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Figure 6-11: Test A, frame 147-Flow velocities
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Figure 6-13: Test C, frame 159- Wave downrush.
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Figure 6-14: Test C, Frame 159- Flow velocities
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Figure 6-15: Test C, frame 173-Vortex following wave downrush.
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Figure 6-16: Test C, frame 173- Flow velocities
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Figure 6-19: Test F, frame 177- Vortex and draw down of toe still

water level following wave downrush
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Figure 6-20: Test F, frame 177- Flow velocities
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Peak flow velocities

To interpret where the wave flows were most intense, the peak velocities during the
wave cycle were determined for each test. In general the short period tests generated
slower peak flow velocities then the longer periods, with the exception of Test F, where
the flow speeds were increased by the wave downrush. The peak flow analysis focused

on the tests with the most defined structure A, C, D & F (Figure 6-21 to Figure 6-24).

In Test A, the peak velocity was generally directed onshore at around 35 cm.s™, except
at the toe vortex, which was directed offshore at 15-20 m.s". Test F showed a similar
peak flow pattern, with the flow directed onshore across the profile at around 25 cm.s™,

but was reduced and directed offshore at the wall toe where the small vortex formed.

Test C showed a significant increase in peak velocity, with the fastest onshore flows
(40-50 m.s™") occurring at the end of the profile and equally fast offshore flows
occurring at the wall toe. At a position -0.04 m from the wall, the velocities were
reduced, suggesting a point of convergence. In Test D the peak velocities remained < 25

m.s” and were uniformly directed onshore.

Beach profile and peak velocity vectors - Test A
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Still water level
Beach profile- initial
0.08 .
£
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L 004f = - !
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@ N -
2 . e 4
o —— - = = = = = o
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-0.0; 1 1 | 1 —— 1 | I |
%16 0.14 -0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0
Horizontal Position (m)
Figure 6-21: Peak velocity results- Test A
Beach profile and peak velocity vectors - Test C
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Figure 6-22: Peak velocity results- Test C
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Beach profile and peak velocity vectors - Test D
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Figure 6-23: Peak velocity results- Test D
Beach profile and peak velocity vectors - Test F
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Figure 6-24: Peak velocity results- Test F
Summary

Utilising a smooth beach profile, the hydraulic flow pattern during wave impact and
wave reflection was investigated. When waves broke at the wall, a significant uprush
occurred and was followed by a flow down the face of the wall, termed the downrush.
In tests A, C, & F the intersection of the downrush with the bed profile and it deflection

offshore, led to the formation of a clockwise rotating vortex at the wall toe.

When the toe water depth was reduced or the wave steepness increased, the waves
tended to break offshore, leading to a spilling wave impacts and reduced downrush, this
also produced a smaller toe vortex. At the intermediate water depth and with a longer
period (Test C), the waves broke at the wall. This produced a high velocity downrush,
which drew down the still water level and generated an intense vortex at the wall toe.
When the water depth was increased further, pulsating conditions occurred, and the

waves were reflected, reducing the near bed flow velocities. Where the same d,/ L,, ratio
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was maintained (Tests D & F), the incident waves broke offshore in the shallow water

 test (F), but pulsated in Test D; this was not illu_strated by the d,/ L, ratio.

~ An analysis of the peak velocities confirmed the position of the toe vortices observed in
Tests A, C and F, and corresponded to an increase in the offshore near bed flow.
~ velocities. By contrast, over the remalnder of the bed, the peak velocities were generally
reduced and directed onshore. The highest peak flow velocities occurred in Test C,
during the wave impact and wave uprush, except in the region of the wall toe, where the
.downrush and offshore vortex flows were greater. In the deep water test, the peak
| velocities followed the orbital direction of the incident waves and were significantly

reduced. In general the peak flow velocities were reduced for the short period tests.

- 6.4.2.  Effect of wnve flows on sediment transport

The ﬂow structire and near bed velocities were analysed in more deta11 to determine the
likely direction of sediment transport and hence the risk of toe scour erosion. In linear
flows, e.g. rivers, the water flow is orientated in one direction; therefore sediment
transport follows that direction once the threshold velocity for particle motion is
“exceeded. Sediment transport under waves differs due to the water particles moving in
an orbital trajectory as the wave progresses, with negligible net movement. In shallow |

water, the near bed orbital paths become flattened and represent a. ‘to-and-fro’ motion.

When a seawall is introduced at the top-of the beach profile, wave reflection occurs;
therefore sediment particles are driven first by the incident then the reflected wave -
orbital motion, and then by the restllting boundary layer circulation. In addition, flows
associated with the wave irnpact and downrush can oppose or complement the incident
and reflected orbital flows, leading to flow asymme'try.v.Th.ie cannot be inferred from

o single- PIV image frames or the peak Veloeity vector analysis.

' To capture and interpret the wave flow, the concept of net drift will be defined by using
a vector to represent the resultant movement a ﬂu1d partlcle at the bed over one wave
cycle. The net drift is calculated by summing- the ve1001ty vectors at each grid point
(though clearly only the grid points closest to the bed are the most significant to
sediment transport) for ea_ch image frame, over one wave cycle. By dividing by the
duration of each wave event, the net drift rate was calculated and represented tne rate of

transport with vector units cm.s™. It was assumed the particle would precisely follow
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the flow of the water and not be adyerSely affected by either drag or gravity. To ensure
that only a single wave was analysed, the flow direction at the offshore boundary was
monitored. A reversal of flow direction determined the time and frame number
separating individual waves. The net drift enabled the fluid particle motion to be

linearized.

Given that the near bed velocities in the model (c.0.1t0 0.6 m.s‘lj' were significantly
greater then the threshold for trarisport of sand at model scale (c. 0.05 m. s, Soulshy

" 1997), the drift rate was assumed to provide a good estimate of magmtude and direction
‘ sed1ment transport Reglons of hlgh net drift were expected to scour, ‘and low net drift

reglons expected to accrete.

Sediment transport results

The sediment transport scour profile results were analysed for tests A, C, D, F, as these
produced the most definitive results. Tests B and E both appeared to be dominated by

offshore flows, despite producing different wave conditions and were not reviewed.

Figure 6-25 & Figure 6-28 show the scoured beach profiles for the short listed tests
| compared to the 1:30 initial smooth profile. The proﬁles were plotted using Froude
scaling and the Vertlcal and horizontal axes kept symmetric, to represent the true scour
proﬁle shape. Within the hydraulic flume a scour profile 0.60 m long was modelled,
though the PIV study only focused on the region 0 to -0.17 m from the seawall, as this
| was the region most .sensiti.ve' to profile change and scour..vFvigure 6-26 through to

Figure 6-30 present the net drift results for the short-listed tests.

In Test A moderate toe scour occurred at the wall which peaked -0.1m from the wall,
with the scour decreasing towards the end of the profile. The net drift was d1rected

offshore up to a point -0.04 m from the wall, where offshore transport commenced ata

rate of 1.1 to 1.8 cm.s™'. This coincided with a change-in the beach profile slope and an

increase in the scour depth.

The wave conditions in Test C generated the deepest toe scour over a distance of 0.1 m,
before the profile recovered and an accretion bar formed offshore. The impacting waves

in this test resulted in a high offshore drift rate (2:'5 -3.0 cm.s™) at the seawall toe. The

115




" Chapter 6 ~ Toe scour hydraulic flow study =

;

drift direction highlighted the vortex circulation seen in the flow results. The net drift |

~ further offshore was also directed offshore at a reduced rate of 1.0 -1.5 cm.s™.

The water depth was increased in Test D and the beach profile included slight scour at
the seawall, which increased in depth further offshore, before forming a 1afge accretion
bar beyond the ﬁgurés axis. The sediment drift rate was significantly sfnallér then the
preceding tests, and was close to zero at the bed, slightly onshore close to the wall and
“slightly offshore at the end of the profile. The flow pattern in this test was highly
reflective; calculation of the shallow water wavelength suggested that a Y4 wavelength
- reflected wave h’ode would occur at a position -0.3 m from the wall. Accordin'g to Xie
(1981), accretion would be expected to occur at fhe node and the wall With scour in
between. This patterﬁ is confirmed by the .sediment transport beéch proﬁle‘ shape and

the direction of the net drift towards the wall and node.

In Test F, the water depth was shallow and pfoduced localised scour relatively close to
the wall, and reduced with distance offshore. In the PIV tests the wave had broken
offshore and feformed to cause a smaller near impacting wave with intense downrush
flow. The net drift véctoré confirmed these flows, and were dire_ct(_ad offshore, at a rate -
of 1 cm.s™. This coincided with the extent of the toe vortex generated following impact.
. Offshore drift increased with distance from the seawall and reached a maximum rate of
2.3 cm.s™ at the end of thé profilé. This was contrary to the scour depth which
decreased with distance frb_rh the wall _ahd was lowest at the end of the profile. The net

drift direction matched Test C, but at a reduced_ magnitude.
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Figure 6-27: Net drift results -Test C
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Figure 6-30: Net drift results- Test F
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Summary

A series of hydraulic flow tests were conducted with a fixed bed slopes and regular

} period waves. The concept of net drift was defined which enabled the cumulative effect
1 ' ~of the incident and reflected wave orbital flows and flows associated with wave impact

| to be assessed. The near bed flow velocities were found to significantly exceed the |
sediment threshold velocity, enabling the direction of sedimenftransport at the bed to be

inferred-from the net drift rate for the four short-listed tests.

The shape of .thé beach profile / scbur profile in the in the sediment transport tests

_ generally fell into three categories: 1) moderate scour localised near the seawall toe
(Test A & F), 2_') significant toe scour at the Wali (Test C) and 3) nodal scour offshore of
the wall (Test D). In shallow water (Test A), the drift confirmed onshore transport
would occur over the beach profiles, except at the wall toe where the wave flows weré
sufficient to generate scour. | |
In the tests where wave downrush and a toe vortex oécurred, (C & F) the net driftjat the
wall toe. was directed offshore. This coincided with the position of maximum scour in
Test C, which produced the highest net drift rate of all the tests, and the deepest scour.

" In Test F the toe vortex was sniallef and correspondéd toa smallér toe scour depth. In

. this test, the net drift i_ncreasedvtowgrds the end of the profile, which did not agree with
the sediment transport resuits; where scour reduced with distance from the Wall. In the
deep watér Tests D the driff wés significantly reduced at the toe and confirmed nodal

transport relative to the shallow water wavelength.
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6.4.3. Wave flow and drift on a scoured profile

The wave flow and net drift analysis was repeated using the scaled fixed bed scour
profiles shown in Figure 6-25 & Figure 6-28, with identical wave conditions as their
smooth profile equivalents in tests A, C, D & F. It was hypothesised that the scour
beach profile would be in equilibrium with the wave flows and that a significant

reduction in drift rate would occur.

In Test A, the incident wave again forms a spilling breaker and on impact at the wall a
weak toe vortex occurs, this remains above the bed and reduces in intensity. The net
drift results (Figure 6-31) confirm the position of the vortex and suggest offshore
transport would occur, which increases towards the end of the beach profile. This
coincides with an increase in scour at the end of profile. The magnitude of drift at the

wall toe is reduced compared to the smooth profile test.
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Figure 6-31: Net drift results, scour bed- Test A

In Test C as the wave approaches the wall it comes close to breaking, however the scour
profile increases the water depth by 41 mm, causing the impact to be less intense
compared to the smooth profile case. Following impact a large downrush vortex forms,
and remains above the bed, this produces the peak flow velocity (10-20 cm.s™") and drift
rate at the wall toe (0.5-1.0 cm.s™). Beyond the wall toe, the net drift continues to be
directed offshore, except at the end of the profile slight onshore transport seemed to

occur as a result of the positive beach slope (Figure 6-32).
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Beach profile and particle drift - Test C
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Figure 6-32: Test C, Net drift and scour vortex above bed

In Test D (not shown), a pulsating wave conditions occurs and the net drift rate
increases compared to the smooth profile equivalent. This causes the direction of the
peak velocities to switch from onshore to offshore. However the shape of the scour
beach profile and wave form suggested that the test was dominated by reflection driven
transport processes. It was not clear why the direction of drift did not follow the

reflected wave pattern.

In Test F the wave again breaks offshore, and reforms to produce a small near impact /
pulsating wave. The downrush velocity is significantly reduced compared to the smooth
bed test and a toe vortex does not form. The drift rate near the wall also remains small.
Further offshore the net drift directions are not clear, with alternating regions of slight
onshore and offshore transport over the scoured bed. Figure 6-33 compares the seawall
wave interaction at a similar point in the wave cycle for the smooth and scoured beach
profile in Test F, and demonstrates the effect of the 28 mm increase in water depth and

subsequent lack of toe vortex.

Snivoth bed: Small toe Scoured bed: Increased

water depth, lack of vortex

Figure 6-33: Test F, comparison of flow following wave reflection

on smooth and scoured beach profile
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" 644. Summary .. |
In general, the toe scour caused the water depth in front of the wall to increase, which
reduced the net drift intensity and peak flow velocity. This was most si gnificant in Test
C where the. peak bed veldcity reduced from 40-50 cm.s! to 10-20 cm.s™’. The increased
water depth prevented the wave downrush from reaching the bed, and the associated
vortex either did not form or rerriainéd above the bed, where it dissipated more quickly.
In the deep water test (D) the flow structure followed a nodal sediment transport pattern
within the flume, however the offshore direction of net drift did not support this pattern.
It is not clear why this océurred or why the directions of the peak velocities were also -
reVersed. qu éach test, th_e wave impact, vortex and drift characteristics were

summarised in Table 6-2 for both smooth and scoured beach profiles.
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Table 6-2: Summary characteristics of wave impacts, flows and drift with smooth and scoured beach profiles.

-0.5

_ v ‘ Smooth bed profile . Scoured bed profile
Test| d, T S, Incident Bed voﬁex Drift at toe Vmax-af toe v ) Bed vortéx Drift at toe ‘Vmax at toe
Breaker type duration (s) (cm.s"l_')# (cm.sy* Incident Breaker type . duration (s) (gm.s‘l)# (cm.s™)?
A 003 |13] -0.09 Spilling 0.57 -0.5t0-1.5 -10 Spilling - -0.5 -10
B 10.05(0.7| -0.07 Spiliing ’ - -0.5 +10 Spilling - -0.5 -10
C |00513 -0.16 Impact - 0.50* -1.5to ;2.7 -50 - Impact 047 -0.5 -10
D [0.10} 13 -0.01 Pulsating I +0.5 +10 Pulsating - . +0.3 +5.0
E [0.10]07|+001| Pulsating R 0.5 10 Pulsating - 05 10
» F 10.03}107]| -0.11 | Near impact 0.47 0.6 to-1.0 -10 Near pulsaﬁng - -10

* The vortex generated during wave downfall continued to rotate beyond one wave cycle.

¥ The toe was déﬁned aé the region 0 to -0.04 m from wall toe (- denotés offshore, + denoted onshore). -
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6.5. Discussion

6.5.1.  The use of PIV in analysing seawall ﬂ(')ws. '

The use of PIV in a small scale physical model experiment enabled thé high speed flows
: and sedimeﬁf transport in front of a seawall to be systematically analysed for a variéty

of wave and beach conditions. This 'w_ould not have been possible using invasive current

meters, which only provide point measu_fement_s. By summing the velocity vectors, the
‘net drift of a sediment particle was inferred and applied to indicate regions of scour and

accretion.

To ensure adequate exposure, a light sheet 15 mm vwide was generated, this eliminated

the need for complex opticai equipment and overcame the laboratory restrictions.

' However this increased the depth of the sampling area, which should be less then the
focal depth (Keane & Adrian, 1990). Through the use of a nafrow 2D wave ﬂume, shore

normal wave approach anc_l»the limited depth of focus of the lens (<5 mm, based on the

lenses hyperfocal distance), the éfféct of the background particles did not appear to

cause significant errors.

The experiments used a moderate camera frame rate bf 70 fps, this was however
insufficient to accurateiy record the‘ fastest particles, which often appeared as streaks at
the water 'surfabe and near the wall face, where their VACIYOCity was estimated at

=100 cms™. A higher frame rate and laser illumination would be required to observe the
point of wave i'mpacvt ét the wall and the wave uprush velocity. These features were also
Qbséured by air bubbles entrained in the flow, suggesting analysis using Bubble PIV :
techniques (Ryu et al, 2005), where the‘bubbles are utilised as the seed particles, would
" be beneficial. |

The p'article velocities were signiﬁcéntly slower at the bed, the focus of this étudy_, and'
were successfully captured by the PIV syétém. "The ﬁsc of a large 64 x 64 pixel

~ interrogation cell ensured a good average Vélocity for each grid square, this also reduced
leakage of particles beyond the cell boundary. However in the vicinity of the wall, |
where the strongest velocity gr;idients tended to occur, the interrogation cells were too.
large to accurately measure the detailed flow structure. In some cases the flow speed

'tended to be smoothed and averaged, though the direction remained true. Occasionally
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the gradients were too severe for the PIV analysis software and produced erroneous

results, these pomts were deleted.

In future studies, it could be pos51ble to decrease the grid size and i increase the camera
lens magmficatlon By moving the camera to a different area of the ﬂow each time and
repeating the wave, the reglons could be stitched together to prov1de a higher resolution
PIV analysis. This technique would require accurate camera positioning and timing,

with a highly repeatable wave.

Separation of the target wave was achieved by observing the orbital direction of the - -
particles at the offshore boundary.. Under some circumstances localised residual flows
continued at the toe of the wall beyond this period ‘For consistency these were
excluded, and were assumed to have small impact on the overall net drift as these

velocrties were low

: Though the use of fixed bed model overcame the hmitatlons of sediment settlement
witnessed in previous small scale experiments, other scale effects were w1tnessed during
the test. These included large bubble entralnment, which tended to rise in the water
column very fquickly once the wave had reflected offshore, and an absence of smaller
entrained air bubbles and foarn, as witnessed in the field sites and medium scale flume

' experiments. These effects were not considered to adversely affect the speed and
direction of flows at the bed at small scale, however the increased compressibility of
air-entrained-water might affect wave impact pressures at prototype scale (Peregrine etv

al, 2004), though it is not clear how this might affect scour / sediment transport.

During the planning of the experiment, Test C was expected to reproduce the violent
plunging breakers, spray and turbulence witnessed every couple of minutes in the
medium scale tests. Though strong plunging breakers occurred in the small scale tests,
these appeared less intense then the medium scale tests. This wats attributed to the
regular wave period which.prevented a spectrum of incident and reflected waves being
formed, which tend to interact to produce larger impécts. The use of irregular waves in
the PIV study would severely complicate the experiment analys1s an alternative
approach would be to generate a-tuned wave group what would converge at the wall to
generate a perfect impact, though this would be different to the prototype wave

conditions. The increased surface tension in the small scale model would also be
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expected to affect wave breaking (Miller et al. 1972) however the impact of this scale -

effect on sediment transport is very difficult to quantify.

" 6.5.2. Analysis of wave flows in front of seawalls

' The key variable distinguishing each test was the type of wave breaking. When
comparing the breaker type in each test to their respective d;/ L,, ratios, and hence
position on Figure 6-9, inconsistencies were apparent between the short and long period

wave tests.

The short period tests B and F were both positioned close to the longer period test D,

~ however each test resulted in a different wave breaker type. When the tests were

" grouped by their wave perlod a more consistent wave breaker pattern emerged. The -
long period tests (A C D) ranged in turn from spilling, to 1mpact1ng, to pulsating with
increasing d,/ L. In the short period tests (B, E, F), Test E produced unbroken pulsating
* conditions, however the shallow water depth and increased wave steepness.caused tests
B&F spill offshore and then either reform at a smaller amplitude or produce a spilling
impact at the wall. Though these breaker types were less well defined then the long
period tests, the 1ntens1ty of the wave structure interaction and resulting flows velocities
broadly corresponded to the d;/ L, ratio. In these tests, the most intense flows occurred

for Test F (d;/ L, = 0.1).

Thenon-dimensional pararneter d,/ Lm provides continuous indicator for predicting the
flow intensity for a range of wave conditions, however the variable does not predict
wave breaking‘which is dependent on Hy/ d;. In the prototype situation, the beach
profile shape and slope, wind strength and wave spectrum would also affect wave
breakmg and hence scour. The effect of beach profile was evident in the scour profile
tests where an accretion bar had formed offshore .of the seawall, it is speculated that
.these may cause enhanced shoaling or hreaking prior to the wall. If the water depth was
less the‘n the incident wave height,.the accretion bar would act as a wave height filter,

protecting the toe from further scour.
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6.5;3. ~ Analysis of sediment tranSporf

To predict the position a_nd magnitude of sediment transport due to orbital and wave
flows, the concept of net drift was deviséd by summing the velocity vectors for each
grid point. The greatest toe scour tendéd to occur on profiles with strong offshore net
drift. Profiles with reduced scour tended to have a lower net drift or the dfift rate was

directed toward the wall toe.

“The flow velocities were established to be significantly greater then the threshold for
sediment transport, therefore particles at the bed would be readily transported by the
flow arid suspended. The effect of longshore and entrained currents were not
considered, but could increase the rate of sediment transport; although not necessarily

- the depth, due to the resulting increase in toe water dep'th préventing-wéve downrush

- reaching the bed and promoting reflective wave conditions.

‘The limitations of the PIV flow analysis in accurately measuring the fastest velocity
vectors associated with the wave downrush and the smoothing associated with the large.
interrogation cells may have reduced the resolution and accuracy of the net drift rate.
‘Despite these limi\tations, the net drift prc_)vided a conservative estimate of the
magnitude and direction of sediment transport at the bed and wall toe under complex

flow processes, and hence the likely position and severity of scour.

6.5.4. Combining the wave breaking intensity and resulting scour

The results of the wave flow intensity and net drift results were combined to define
three key wave structure interaction types and the resulting sediment transport / risk of

scour:

Weak spilling wave breaker — low scour risk

When the toe Water depth was shallow or the waves became 6vérly steep, wave spilling
occurred. This caused wave energy to be dissipated away from the seawall. The flow
Velécities at the wall toe were therefore reduced, but s_u_fﬁcient in the longer peﬁod test
for a small toe vortex to be generated briefly. Scour in these conditions will be
relatively shallow and localised at the wall (S,/ Hp<0.5) toe due to the turbulence

generated by the interaction of the wave and seéwall.
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Impacting waves — highv scour risk - _

When.the incident Wa.vé, or reforrhed waves break at thé wéll, a high velocity vertical

' uprush is produced, shortly followed by the wave downruéh, which generates a -
clockwise a rotating toe vortex. The turbulence generated by the breaking wave and the
~ high ﬂowvvel‘ocities associated with the downrush and vortex lead to deep scour at the

- wall (0.5< .S,/. Hy < 1), and the poiehtial for removal of rock toe armour constructed for
scour protection. Across the beach profile the net sediment transport wouid remain
offsho're, extending the width of the scour hole and leading to an accretion bar offshore

beyond the influence of the wave impact flows.

As the bed scours, the t(b)e‘ water depth is increased'(+82% Test C, +58% Test F) which
causes the downrush to dissipate in the water column, reducing the peak flow velocities

at the bed and the scour depth as equilibrium is reached.

Pulsating waves — low scour, potential accretion _

Pulsating waves remain unbroken at the wall and generate large uprush flows. However
the increased water 'debth prevents the downrush flow from reaching the bed and
vforming a scour vortex. Sediment transport will be directed toward the wall and quarter
wavelength node offshore, leadiﬁg to only slight scour or possible accretion at the wall

toe (S;/ Hp <_0.1).
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6.6. 'Co'nc_lusions :

-6.6.1.A Study objecti_ve_s

Can'partiéle image veiocimetry_ (PIV) be used to make observations ahd
measurements of the scouring wave flows?

PIV techniques were successfully applied to in\I/estigate wave flows in front of a vertical
seawall with a fixed seabed. The result provided evidenc.e of the flow velocity and
thfough the concept of net drift, the position of sediment transport hence scour was
inferred. However the fastest flows and the detailed flow structure at the point of impact
were not successfully measured by the current PIV system, these were however

~ established from the still images and particle streaks.

When investigating a specific design or the point of wave impact, the use of laser
illumination and camera with higher frame rate is recommended, though it may only be.
"practical to analyse the wave downrush element the wave impact, due to the complex

analysis required.

What are the flow patterns at the seawall and seabed? What effect do these flows
have on sediment tral;sport and toe scour?

The intensity of flow a.t-thel wall toe and hence potential for sediment transport Was
found to fall into three .categories,_‘spilling, impacting or pulsating. Impacting waves',
breaking at the seawall were found to generate uprush flows. A clockwise rotating scour

vortex and deep toe scour.

Where waves had broken, shallow scour occurred at the wall toe due to the reduction in
wave energy, downrush velocity and vortex size. Under pulsating conditions, despite a
large uprush, the toe water depth was sufficient to prevent an increase in bed velocities

~ or a toe vortex, and sediment would be moved to the reflected wave nodal points.

In thé prOtdtype situation, the wave spectrum is likely to contain different proportions of
each type of breaker depending on the wave height, period and toe water depth. The toe
' scour depth will therefore depénd on the relative number of each type that occurs at the
Wall. Furthermore factors such as wind strength, which can induce spilling waves when

directed onshore, may also become important.
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- How does the flow structure change on a scoured.beach profile?

* In general the scoured beach profiles increased the toe water depth. This reduced the
intensity of the breaking waves and the near bed velocities and hence the potential for
further toe scdur would be reduced. Most of the scoured profiles led to an accretion bar
offshore, the effect _q_f this featuré o_n wave breaking was not investigated; however fhis

may induce wave breaking offshore, protecting the seawall from further scour:

The direction of sediment transport and wave flows did not appear to achieve
equilibrium with the scour profile shdpe, perhaps due to the irregular period waves in

the moveable bed tests, which would have produced a range of breaker types.

6.6.2. Further research requirements

Scour prediction equations made using the parameter d,/ Ly, provide.én improvéd
understanding the risk of scour through partial representation of the wave breaking -

| intensity at tﬁe seawall. However further rescarch is required to develop an improved

understanding of wave breaking in front of coastal structures and the effect of wave

spectrum, beach slope, wind and clapotis. -

To measure the maximum uprush and downrush flow velocities at the wall face for
impacﬁng waves, a PIV study utilising a high speed digital camera (200 fps) with high .
fesolution is required This study would need to establish a soﬁrce of uniform
illumnination for the fast moving | jets, and the problems of air bubble entrainment in

these flows, perhaps using bubble PIV?
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7.  Combined analysis and discussion
In the following section,_ the results fr'om'vthe preceding field, sediment'transport and
hydraulic experimentsare combined and contrasted to develop an improved understanding
~ of the key scour processes. This includes validatmg the sediment transport and toe scour
results against the field data observations and correlating these with the wave flow |
measurements to develop a scour risk envelope. The scour envelope will then be applied to
a series of prototype situations to demonstrate the effect of the key variables and to suggest"

potential design solutions.
7.1. Comparison of field and sediment transport studies

7.1.1. Scour depth validation.

In the sediment transport flume study, the maximum toe scour depth was 0.16 m

(S:/ vHo = 0.79) for the vertical wall with a 1:30 seabed slope, 0.09m (S}/ Hy=0.45).fora
1:75 seabed slope and 0.10 m (S,/ Hp = 0.52) for the 1:2 sloping wall. By applying Froude
scaling and a prototype significant wave height of 2 m, the maximum toe scour at \

_ prototype scale would be in-the region of 1.6 m, 1.0 m and 0.8 m respeetively. In the
Blackpool field experiment the maximum toe sour was 0.88 m, for a wave height of 1.8 m
(S:/ Ho = 0.48) with a typical beach slope of 1:80. At Southbourne, with a 1:2 sloping
seawall on a 1:28 beach slope, the maximum toe scour was 0.6m for a wave height of

1.5 m (S,/ Hy = 0.40).

In comparing beaches of similar slope in the field and flume experiments, the flume results
produced conservative estimates.of scour for both vertical and sloping seawalls. As noted
in Chapter 5 sediment transport study, the effect of significant wave height was not fully
. inveStigated during the flume experiments. However, results from the field study showed
no clear relationship between wave height and scour depth, as the wave height was often
depth limited The datasets support the ‘rule of thumb’ that the scour depth will remain less

: then the incident wave height.

A simple method for defining the position of wave breaking was defined in Section 2.1.1
by the ratio of the water depth to wave height, with waves expected to break when their
height is approxnmately equal to the water depth. This method was applied to compare the

field and flume measurement. A more rigorous method was applied in Section 7.2.3 when
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comparing the laboratory datasets. Figure 7-1 compares the ratio wave height to water

depth for the field and flume datasets to the non-dimensional toe scour depth.
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Figure 7-1: Comparison of medium scale and field toe scour results

In the field dataset, beach lowering occurs over a wide range of wave height to water depth
ratios, but is greatest at Hy/ d, = 1.4. Field toe scour is limited to 0.5 < Hy/ d; <4, but occurs
most frequently in the range | < Hyp/ d,;<2. In the flume experiments, the deepest toe scour
also occurs in the range 0.5< Hy/ d, <2. Despite significant scatter, a result of the different
wave period and beach slopes, the figure suggests a correlation between wave breaking and
toe scour. Theoretically waves would be expected to break onto the seawall when

Hy/ d, = 1. Either side of this point, the water depth would either be too shallow or too

deep, leading to either shoaling or wave reflection.

Though the sediment transport tests are only representative of waves approaching the
seawall from a perpendicular direction, these were assumed to generate the deepest scour.
Figure 7-2 compares the toe scour depth collected at Blackpool and the offshore incident
wave direction over a ninety degree arc. This shows that scour occurred under both oblique
and perpendicular wave directions, and is likely a result of the shallow water depth causing
refraction towards a shore normal direction. The use of the 2D wave flume experiments to

investigate scour processes and develop improved predictions can therefore be justified.
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7.2.1 Validation of scour predictors

The validated flume study results produced a series of toe scour depth measurements
which were used to generate toe scour depth predictions using the non-dimensional
parameters d,/ L,, and S, / Hp, building upon earlier work by Sumer & Fredsge (2002). This
approach represents a shift in thinking, from empirical predictors based on either breaking
waves (Fowler, 1992) or reflected waves (Xie, 1981), towards a more realistic system

where both conditions can occur depending on the toe water depth.

The non-dimensional scour predictor equations developed in Section 5.5.3 were validated
using the Blackpool field data to confirm that similar patterns occurred in the full scale
environment. With the exception of the two outlying points, the field dataset fitted beneath
the scour predictor best fit lines (Figure 7-3). The McDougal et al. (1996) equation under
predicted the scour depth, though most data points lie beneath this line. In general the
maximum toe scour depths observed in the field are considerably smaller then those
observed in the sediment transport flume results. This was likely a result of the shallow
beach slope at Blackpool, which as discussed in Section 4.6.1 and confirmed in the
sediment transport tests (Section 5.6.3), increases the surf zone width and hence offshore

energy dissipation.
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Figure 7-3: Comparison of scour prediction equations 5.9 & 5.10 to Blackpool field results

In Figure 7-3 the peak scour values from the Blackpool study only varied slightly with

d; / L, but were higher in the range 0.01 < d, / L,, < 0.03. Closer inspection of the two
outlying points showed that point A, occurred on the 6™ July 1996, with a wave height of
only 0.86 m. It is possible that given the popularity of the site in the summer months, the
beach sensor may have been interfered with at low tide, producing the erroneous point. In
the second outlying point, B, the -0.68 m spike in the scour depth occurred 35 minutes
before high water, this lasted only for one sampling point (15 minutes), though this point

passed all the filter rules, the reliability of this measurement remains in doubt.

Without more detailed field data, it is not possible to conduct a complete validation of the
scour predictor equations. As noted in Chapter 4, the limitations of the available wind and
tide information prevent further investigation of cause of the scatter in the field data. These
difficulties are compounded by the natural variability of the coastal zone, where other
factors such as sand bars, wind speed and the wave spectrum may also influence the final
scour depth. The field dataset represents the best available and sits within the ranges
predicted by the scour prediction equations. Both field and flume datasets suggest a

dependency on wave breaking, this is investigated further below.
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7.2.2. Combining the sediment transport and wave flow results

Following the comparison of scour depth and wave flow structure in Section 6.4.2, a more
detailed analysis was conducted to develop a causal relationship between scour and wave

breaking.

The scour depth results from the sediment transport study are shown in Figure 7-4 with the
corresponding hydraulic study test label. The scour results for the sediment transport test
where d; = 0 were included for comparison, but were not modelled hydraulically, as the
waves spilled offshore on the exposed beach. Table 7-1 summarises the wave breaker type

witnessed in each hydraulic flow test.
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Figure 7-4: Comparison of wave period, scour depth and toe water depth
for the sediment transport tests

Table 7-1: Hydraulic test wave breaker type

Test Wave Breaker type Test Wave Breaker type
A Spilling Near impact
© Impact Spilling
D Pulsating E Pulsating




v Chapter 7 ~ Combined analysis and discussion

The results for the long wave period (4, C, D) were analysed first. These demonstrated a -
clear relationship between the wave breaker type and depth of scour, with the greatest
scour occurring with impacting waves. Only moderate scour occurred under spilling

waves. Flow velocities were srgniﬁcantly reduced under deep water pulsating conditions,

~ which produced net drift toward the wave antinode at the wall toe, and scouring further

offshore.

The relationship bet\yeen toe Wat_er depth, wave breaker type and resulting scour depth for
the short period tests (F, B,Ej deviated from the longer period results above. In tests F &
B, the increased wave steepness caused the waves to break offshore and reform with a
reduced height or continue Spilling at the wall. This suggests that dissipation of wave

- energy is occurring offshore, leading a reduction in wave impacts_intensity and associated
flow velocity and drift rates near the wall. This appears to correspond to the shallower toe
scour observed in these tests. In Test E, the flow conditions were pulsating and similar in

structure to Test D, though the peak velocities were slower.

The two test groups demonstrate the effect of wave breaking on the scour depth, either by
depth limited wave shoaling at the structure or shoaling further offshore causing waves to
become overly steep and spill. This exposes the limitations of using the non-dimensional
variable d,/ Ly, to define the type of wave breaking for wide ‘range of wave periods. As a
consequence, the scour guidance provided by Sumer & Fredsge (2002) in Figure 3-9,

~ which suggests that _br'eaking wave scour occurs when d;/ Ly, <0.025 and reflected wave

scour occurs when d/L,>0.07,is misleading.

- Unfortunately there were insufficient data points to extend Figure 7-4 to enable scour
predictions for the other wave periods. T he figure is also complicated by the use of
dimensional units, which would 'reQuire' a scale to be deﬁnedv before the results could be

applied to a prototype situation. To overcome these shortcomings, an investigation was |

conducted to include the principle scour process, i.e. the type of wave structure interaction,

within the scour prediction variables.
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7.23. = Defining wave hreaking on beaches
In Section 2 the concept of depth limited wave breaking was introduced as defined by the

ratio of wave heighi to water depth. This was extended to include the slope of the beach

profile, which defined the wave breaker type. While these provide useful estimates, the |

~ following factors also contribute to the. wave breaking process.On beaches:

®  Hy/L, -wave steepness;
e . d-Water depth;
*  Wind & current effects;

o - Bathymctry,- offshore bars and reef; -

~

Of these variables the following were considered to have less significance at seawall
structures: Onshore winds can cause premature spilling of the waves, as these effects are

relatively short in duratlon and difficult to predict they were not cons1dered Offshore bars

. can 1nduce breaking offshore however if scoured beach levels are assumed to be low,

these features would be of msuff1c1ent size to affect the waves; Currents opposmg waves
increase the wave steepness, which can induce breakmg However close inshore, tidal
currents are likely to be small and r1p currents would tend to fluctuate in position and be
relatively short in duration. With regard wave breaking at the beach, the first two variables -

were considered the most significant and were taken forward for investigation.

Nearshore wave characterlstlcs and breaking

To estimate wave breaklng on. slopmg beaches the Irlbarren number (Equation 7.1, Battjes,

| 1974) is often applied. This parameter represents the balance between the rate of wave

shoaling versus the initial wave steepness. When ¢ < 0.4 spilling breaking waves are
dominant. For values 0.4 < é < 2.0, plunging waves occur, and when ¢ >2.0, unbroken

surging waves occur. For waves of 51m11ar steepness a shallow beach gradient would

- cause slowly developmg spilling waves and a wide surf zone, whereas a steep beach would

produce rapidly developmg plungmg waves.

. B cota
Iribarren number = &=

—_— 7.1)
(HO/Lm)o.s ( )

However in shallow Water (d/ L, < 0.04) wave célerity is teduced and hence wave

steepness increases. This causes the wave height to increase until the wave becomes

“unstable and breaks. This is referred to d@s the depth limited wave height or breaking wave

height H,, and can be estimated empirically for sloping beaches with regular waves.
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- However irregular period waves signiﬁcantly complicate this process with wave breaking

occurring over a wide surf zone (Goda.,- 2000). However the Iribarren number does not

-+ consider water depth, limiting its application to predict wave breaking at seawalls.

7.24. ‘Wave breaking at structures

At seawalls the wave breaklng process is comphcated by reflected waves 1nterfer1ng with
the near- breaklng incident waves. In a physrcal model study into the onset of wave -
, ,breakrng_ at structures, Calabrese (1998) derived an empirical equation to predlct the

maximum H, for irregular period waves in front of vertical breakwaters (Eqn 7.2).

H, = ki(l 025+0.0217C *)L, tanh(27d, /L)) | (7.2)
e . |
1-k o
Cr=——" | 4 73
T l+k | ~ ' | (7.3)

r

Where k, represents the ratio of Hogg, to Hy and can be approximated to 1.5 for a mean
JONSWAP spectrum (Calabrese, 1998). Equation 7.2 includes the parameter C* (Eqn 7.3),
which represent the magnitude of reflected waves. Estimating &, for a seawall depends on
the toe Water depth, the wave period, the structure shape and faetors such as overtopping.v
Therefore k, is usually determined from physrcal model tests (Goda, 2000) and was

collected durrng the HR Walhngford (2006) experiments.

Equation 7.2 and 7.3 were apphed to denve the maxrmum breakmg wave height at the toe
of the wall. However, these equatlons do not indicate if the waves are depth limited and
would have broken further offshore, therefore the wave breaker depth index was calculated

(Eqn 7. 4).

Breaker depth index =’—IZ—”=0.78 V B _ ),

t

_ Following research into solitary v_vaves travelling over a flat seabed, McCowan (1891),
defined a threshold value of 0.78 for breaking / non-breaking conditions. Goda (2000),
suggest an approximate value of 0.6 should be applied for irregular period wavesona

beach. When determining the breaker index at a seawall, the reciprocal of Equation 7.4
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was calculated due to the occurrence of toe water depths less then zero. Therefore when the
water depth to maximum breaking wave height is approximately equal to 1.7, the highest
one third of waves would be expected to start breaking at the seawall. As the depth

increases a higher percéntage of larger waves (H > H;) would break at the wall.

Scour risk envelope
Equations 7.2, 7.3 and 7.4 were applied to the sediment transport results to compare the
offshore wave steepness (Hy / Ly) té Vthe nearshore breaker index (d,/ Hp). These were

- plotted with the toe scour to offshore significant wave height ratio (S, / Hy) for the 1:30
beach slope tests to geﬁerate a scour risk envélo_pe (Figure 7-5). For each test the type of |
wave breaking was objectively assigned from the video images broadly following the |
'criten'a' in Figure 2-3. In the tests reproduced in the hydraulic flow study, the wave

- breaking was confirmed with greater confidence; these tests were also identified.

Figure 7-5 combiﬁes nearshbfé' variables similar td those used by Powell & Whitehouse
(1998) in their isometric scour diagram of COSMOS-2D numerical model results

(Figure 3-8). Though the variation in sgﬁour depth éppears broadly consistent, the depth of
scour was sign’iﬁCaﬁtly greater in their simulations and they did not i_ridicate the type of

wave bréaking expected in each region of the figure, a drawback of ‘numerica'l modelling.

By combining the sediment transpvort_:results_, the estimated nearshore wave characteristics
and the hydraulic flow results, Figure 7-5 can be applied to describe the wave breaker type
ahd toe scour risk for a vertical seawall with a 1:30 sand beach. Deep scour requires low

steepness waves combined with optimal wave breaking conditions at the wall.
The scour risk regions to be broadly categorised as follows:

' Brbken waves occur when thé toe water depth is shallow (di/ Hy <2) (e.g. Test A). In the
- sediment transport tests these led to beach accretion at the toe however, these are not
shown in Figure 7-5 as the equations produce complex numbers. Spilling waves also occur
when waves became overly steep (Ho‘/ L,) > 0.03, where the wave shoal, break offshofe
and reform at the wall (e.g;' Test F). Breaking waves dissipate energy over the beach |

profile, and generate less significant scour.
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Figure 7-5: Toe scour risk envelope and images of wave structure interaction-shallow water
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Figure 7-5 suggests the threshold wave steepness for wave impacts is close to 0.02 (Hy/
Ly). The threshold breaker index (d,/ H,) appears closer to 2.1, this is slightly higher
then the value suggested in Equation 7.5 for solitary waves and the value of 0.6,

suggested by Goda (2000).

Where d,/ Hy=2.15 - 2,25, wa&e impacts qccuf at the structure, producing high
velocity wave downrush, toe vortices and déep toe scour. The toe scour depth is greatest
for waves of 1ower steepness, which as discussed earlier contain a greater mass of water
and shoal more"slowly, producing violent wave impacts (e.g. Test C). Test B appears
close to the wave impacts. region, but has a high wave steepness. Duﬁng this teét the

waves tended to break offshore.

Beyond d,/ Hp>2.25 »fhe "water. depth is sufficient to feduce wave breaking»to a
minimum and produce pulsating conditions (e.g. Tesvts’D & E). In turn the toe scour
depth is signiﬁ_cantly reduced, and the potential for toe accretion under reflective wave
transport increased. Waves in this range would also be limited by their wave offshore

steepness, though no tests were availabie to confirm this.

Summary

Figure 7-5 represents a ﬁrét step towards processes based scour prediction for seawalls.
To de{?elop the scouf risk envelope furthér_, field or flume experiments using video
analysis of the Surf zone and resulting wave impacts are required to confirm the
nearshore wave steepness at the stfucture and how wave reflections affect this proceés.
These would enable the boundaries between each wave breaker type to be defined more |
preci'sély and clarify the breaker conditions for a wider range of wave and beach types. -
Figure 7-5 can be applied to demonstrate the key toe scour processes and estimate the

risk of scour for a range of conditions.
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y 5. 3 Application to prototype examples

7.3.1, Effect of tidal range on maximum scour

The depth of toe scour was investigated for a hypothetical seawall scour problem at
Blackpool. Characteristic spring and neap tides, wave period and the maximum wave
height from the field deployment dataset were used (Hp = 3.5 m, T, = 6 s, Figure 7-6).
In the examples, the difference in tidal range and duration was found to significantly

affect the water depth at the toe of the seawall and hence the maximum toe scour depth.
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Figure 7-6: Effect of tidal range on seawall toe water depth

In the spring tide example, at the peak tidal height the waves are depth limited to a
maximum height of 1.8 m at the wall and d,/ L,, = 0.04. However during the rise and
fall of the tide the toe water depth is reduced to 0.01< d,/ L,, <0.035, leading to a
greater risk of scour. Fortunately these conditions only occur for an hour or
approximately 600 waves either side of high water, far short of the 3000 waves used to
in the flume to determine the maximum scour depth. Based on Equations 5.4 & 5.5, and
the depth limited wave height, the maximum toe scour would be limited to 0.86 m

(S:/ Hp =0.48) at the high tide. Due to the limited duration of high tide and the rapid
transition through the region of highest scour risk, scour is unlikely to achieve this
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depth Furthermore the increased water depth at high tide may induce slight infilling of

the scour hole.

In the neap tlde example desplte the tidal range belng 51gn1flcantly reduced the wall
remams in the range 0. 01<d,/ L, . <0. 035 throughout the tide for a single period of
2 hours. Based on equations 5.4 & 5.5 and the depth limited wave height at high tide
(0.86 m), a scour depth of 0.96 m (S:/ Hy ;1.1) is predicted. Though a similar scour
depth to the bs'pring tide'fexample, in this case the wall is continueus exposed to
v approximately 1200 impacting waves, increasing the risk of maximum toe scour
- occurring, with no potential for infilling at high tide. The calculations show that under
| these design conditions, toe protection should be provided to a depth of at least 0.9 m,

though an appropriate factor of séfety would also need to be included.

The example demonstrates that seawalls exposed to wave impacts under neap tide
“conditions, or locations with very small tidal ranges (e.g. the Mediterranean Sea) would

be at greater risk of scour erosion and failure then regions of lafge tidal range. This

would be most severe where the water depth in front of the structure was equal to the

typical storm wave height. The ‘exposure risk’ eohcept is explored in Section 7.3.3.

7.3.2. Detailed analysis of wave breaking and scour for specific events
To iHustrété the type of wave breaking and resultihg scour risk for a 1:30 sand beach, |
Figure 7-5 was applied to a series of prototype conditions (Table 7-2). In the examples, -
four toe water depth.s.were tested, with an offshore wave height of either 3 or 5 m for a

fixed mean wave period of 8's.

Table 7-2: Comparison of scour depth and breaker types

H | d | L | B\ a/m | B/ | S/H, Breaker
A 3 [ 15100007 ] 205 | 003 0.36 Spilling
B 3 | 311000 14] 217 | 003 0.64 Tmpact
Cl 3| 6 [1000 25| 240 | 003 0.00 Pulsating _
D| 5 | 5 [ 1000 23] 222 | 005 0.34 | Spilling impact

* In example A, the waves are llmlted by the toe water depth and the toe scour risk is
" moderate (S:=1.1 m). The 1ncreased water depth in example B leads to severe wave
impacts, which when combmed with the low wave steepness, sxgmﬁcantly increases the

risk of toe scour (S, =2.0 m)
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For example C, the Wa’ter*depth was increased'further, producing a plilsating wave /
structure interaction, this signiﬁcant\lyl'reduces the risk of scour (S; = 0 m). In the final
example, D, the wave height and toe water depth were increased to maintain the same
Hy/ d, ratio offshore. However in the nearshore these conditions are less affected by
wave shoaling, leading to an increase in wavelength but only a comparatively small
incfease in wave height. As a results the wave steepness increases,’ leading to a spilling
impact and slightly feduced toe scour depth (S, = 1.7 m). Despite producing less intense
wave breaking which would suggest a decrease in scour, the correlation of scour depth
to incident wave height, causes the scour depth to be greater then might otherwise be

expected.

7.3.3. " Link to wave impact, pressure and overtopping research

In placing the scour risk envelope and the wave breaking results into to context with the
other seawall failure mechanisms, similarity was found with recent research into wave '
impact and downfall pres”sures and wave overtopping. These also produce a ‘peak

envelope’ at mid water depths, not at the maximum as previously expected.

The results of Allsop et al.(2005), show that wave overtopping volumes peak when
waves wash over the structure and when plunging waves break directly onto the
structure, but are reduced under spilling and puisating conditions. This concurs with
laige' scale flume experiment at the GWK, Germany, where wave downfall pressures
 were found to be highest when n_eai i_mpacting wave conditions occurred at a vertical
wall structure WV alters et a.i.' 2005). Furthermore, in a péra_meter map developed as part
.of the MAST PROVERBS vproj'ect, using physical model tests.by Oumeraci and

Kortenhaus (1999), the highest wave impact loads were mapped to occur when

0.35 < Hy/ d;, and large plunging waves could hit the structure.

These similarities were pulled together and contrasted in the authors joint paper with ‘
Miiller ez al: (2007), and suggest a significant step change is required in the examination
of risk to coastal structures, _which_tends to assume a combination of the maximum
wave height and maximum tide or surge, cause the most extreme conditions. The paper
_suggests that the duration of exposure to these conditions is more relevant then those

where the highest wave heights and water depths occur.
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The ‘scour envelope’ concept represents a first step toward developing an Iribarren type
equation for the prediction of wave breaker type in front of shallow water coastal
structures. Further model testing and field validation is required to incorporate a wider
range of wave conditions, beach slopes and structure types to develop this concept and
produce more detailed predictions. The concept should be extended to determine its
validity in predicting the wave breaker type for peak overtopping volumes and wave

impact pressures.

7.4. Application to seawall design

Today seawalls are typically constructed with a smooth vertical face, with either a
straight or recurved crest at the top of the wall, as shown in Figure 7-7. By applying the
seawall toe scour envelope, the risk of scour can be reduced by optimising the design of
new seawalls and protection measures for existing structures. A range of novel scour

protection and mitigation measures are presented in Figure 7-8 and discussed below.

Figure 7-7: Seawall with small recurve, Newton's Cove Coastal protection
scheme, Weymouth, completed 2004 (NCE, 2004)

74.1. Protecting existing structures

The simplest method of reducing scour risk would be to provide a wide beach to
dissipate wave energy. This would require the seawall to either be moved inland or the
existing beach to be artificially nourished. Where this is not feasible the construction of
a rock berm further offshore on the beach profile may be sufficient to induce wave

breaking. However defining the correct berm elevation is difficult in tidal regions.
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Figure 7-8: Seawall scour risk mitigation and protection methods

7.4.2. Structural options

At the structure an irregular wall facing or compound wall shape could be provided to
aid wave flow dissipation and break up high velocity jets. These would reduce the wave
downrush and scour risk, but would require robust construction and a significant void

ratio to have any effect on scour.

In the past wave return walls have been constructed at the crest of seawalls to reduce the
volume of overtopping (Thomas & Hall, 1992). The principle could be developed using
a parabolic shape to eject the wave uprush flow seaward, reducing wave down rush
flows and scour. This would require careful investigation to prevent increased
overtopping and potential flooding when the wind is directed onshore. Furthermore to
install a wave return wall post construction would be quite difficult, as the structure
would require substantial reinforcement and ties to resist the large forces associated

with the high velocity wave flows.

Rock aprons

When an existing seawall requires immediate protection, a rock apron is often placed at
toe of the wall (Whitehouse, 1998). Based on the experimental results in this study and

the limited rock armour tests reported in Sutherland et al. (2006), it would be expected

that rock toe armour would aid in the dissipation of wave downrush flows, reducing the
risk of sediment transport and scour. However if the apron was too short, the flow may

be directed towards the apron toe, creating a new scour problem. The rock must also be
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of a suitable weight to resist movement under the highest velocity wave downrush
flows. Based on the hydraulic flow study, and Froude scaling, this could be in the

region of 4 m.s™ or greater at the wall toe.

An alternative remedial solution, using a smaller quantity of rock, would be to construct
a scour apron in a similar profile to scour Test C. This would include a stilling trough at
the seawall toe to absorb the wave downrush and a berm offshore to induce earlier
breaking. This configuration would also provide additional support and protection to
prevent rotational failure. However this configuration would come at a high cost to the
amenity use of the beach, unless there was sufficient beach material for the summer

beach profile to accrete and cover the revetment.

7.4.3. Novel approach to future sea level rises

Looking ahead to the next century, if accelerated sea level rise occurs as predicted,
seawalls protecting critical infrastructure, which cannot be relocated, will come under
increasing risk of toe scour as beach levels fall. A more radical solution to avoid
breaking wave impacts would be to move seawalls offshore into deeper water. This
would promote reflective wave conditions which are less likely to scour, and would be
more prudent then constructing larger seawalls with toe armour further inshore.
Determining the optimal position for these structures would require a balance between
the risk of large unbroken waves, the increased expense of building structures in deep
water and the cost of providing increasingly deep toe protection measures. This would

only be an option for the most critical infrastructure, in regions of limited fetch length.

New ‘offshore’

Bl Existing

seawall

Critical

Stilling basin or
reclamation area

g S e

60 m > (Not to scale)

Figure 7-9: Radical approach to protecting critical infrastructure
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8.1.

8. - Conclusions

Hypothesis reSpon_se |

“Through a unigue combination of sediment and hydraulic flow experiments, an

improved understanding of wave flows at seawalls and the resulting scour was

achieved. By combining knowledge of the near wall wave breaker type, flow pattern and

sediment response, improved methods to predict scour risk and magnitude were

demonstrated and potential mitigation measures suggested.”

8.2.

8.3.

Existing knowledgebaSe _

The literature review determined that existing studies into seawall scour have

relied predominantly on small scale sediment transport tests which are prone to

scale effects; '

The scour process has been speculated to result from flows generated by breaking
waves, céusing sediment suspension. This process had not been visualised or
measured in detail at vertical seawall structures; |

Field evidence of seawall toe scour was found to limited to mostly anecdotal
reports and opportunist photographs;

More recént medium scale tests have overcome the key scaling issues, but scour
depth guidance remains limited to empirical equations fitted to these datasets.
These do not cover the full range of conditions expected;

A process based scour prediction model does not exist for seawalls structures.

New evidence

Throug.h‘a series of field experiments, continuous. measurements of beach level
and toe scour were obtained at a veﬁical and 1:2 sloping seawall for the first time.
These confirmed the magnitude of scour and the transient nature of the scour
process, which often leads to infilling with the falling tide or wave height;

By condﬁcting both sediment transport tests and analysing a sub set of these
expefiments in a hydraulic flow study using PIV, this research is the first to

demonstrate a causal relationship between wave breaking and the risk of toe scour |

“at seawalls;
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By defining the concept of ‘net drift’ in the PIV experiments, the resultant |

- direction of sediment transport as a result of incident and reflected waves, and

flows associated with wave breaking, was successfully measured;

Breaking waves which impact onto a seawall were found to produce the deepest

scour. These generated high velocity downrush flows and intense vortices at the
wall toe following impact, which pers1sted following wave reflection;

The flows velocities were reduced under sp1111ng and pulsating wave condltrons

and when the water depth was increased. This reduced the toe scour depth;

In a 1:4() scale model, a peak dcwnmsh velocity of 60_cm.s‘1 was measured close

to the seawall toe and followed a breaking wave impact. Near the water surface,

~downrush flows velocities were greater (c. 80 cm.s™). However these could only

be inferred from particle streak lengths. These high flow velocities have the

potential to remove blockwork facings (')rv' undersized toe rock 'armour;

By analysing a fixed scoured beach profile, the increased water depth associated

with scour was found to absorb the energy of wave downrush flows and reduce

the Velocity of near bed flows. It would be expected that the toe scour would
continue until equilibrium is restored at the wall toe. This could not be confirmed

in the hydraulic tests, due to the beach profile representing the average effect of

- the irregular waves modelled in the sediment transport tests.

84,

Scour prediction

Statistical equations were fitted to the sediment transport' results, and validated
using a unique series of field experiments. The equations are the first to unify the
approaches of Xie (1981) and Fowler (1992), enabling probabilistic and
deternlinistic prediction for a range of incident deep water wave conditions,
including the range 0.03 < d./ L, <0.06;

The predicted toe scour depth (deterministic) peaked at 0. 016 d,/ L, (S/Hp=
0.80) with an upper predicted limit of S;/ Ho= 0.96;

‘In both the field and sediment transport experiments, the scour depth remained

less then the incident significant wave height;

Equatrons 5.4 & 5.5 are recommended for thevprobabilistic prediction on mean toe
scour at a vertical seawall..Equations 5.11 & 5.12 are recommended for
determining the upper limit for toe scour at a Verti'cal seawall and tentatively

suggested for 1:2 sloping seawalls. The equations are limited to sand beaches with

a gradient between 1:15 and 1:75 and conditions where -0.015 <d, / L,, < 0.12.
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8.5.

8.6.

Scour risk guidance and wave breaker prediction

To provide informed toe scour guidance, the hydraulic flow and sediment -

transport results were unified to develop a ‘scour envelope’ diagram, where the

wave breaker type and resulting scour risk can be conceptualised;

. The development of a scour risk envelope takes forward the current approach,

where waves are only considered to be depth\ limited, and includes the nearshore
wave steepness and.breaking wave height. This provides a first step in developing
a processes based scour predictor and significantly improves our ability to
understand the condltlons leadmg to enhanced scour risk;

The parameters Hy/ L, and d,/ Hy, were found to correlate to the magnltude of -
wave breaking and scour depth. Unbroken incident low steepness waves reaching
a depth limited condition at the seawall (d,/ H, =0.215 & Hy/ L, < 0.025) were
found to generate the most intense impacts.and deepest scour. .

Spilling waves were associated with shallow toe water depths and steep waves,
which reduced the toe scour depth; : |

When d,/ Hp, i is > 2.25, reflected wave processes become dominant and the risk of
toe scour is 51gn1flcantly reduced;

The scour envelope and predictions equations significantly extend the ability of
coastal engineers and managers to make informed decisions regarding toe scour

risk.

Appllcatlon to practlce and 1mproved design

Through key examples the risk of scour was demonstrated for a range of
conditions and demonstrated identified that the highest risk of scour was not
necessarily associated with the highest waves andr water levels, but with the
duration of exposure to the most critical conditions. This has spawned new
research into the ‘exposure’ of coastal structures to wave processes;

Novel scour mitigation methods were developed, which suggest a ‘stilling’ region

- at the wall could be used to absorb wave downrush flows, or that a re-curve

seawall may deflect uprush. wave flows offshore, reducing the risk of scour;

Alternatively where critical infrastructure is at risk of long term sea level rise, a

- more radical approach would be to reposition seawalls further offshore, increasing

the toe water depth and reducing the scour risk through wave reflection.
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8.7. Future research requirements

*  Though field evidence of toe scour has been successfully collected, further
~ experiments, with a wide range of beach types, tidal ranges and structures is ,

required. Ideally real-time beach level and velocity measurement should be
collected across the beach profile and supported by local tide and wave
measurements; o

e Field measuremenfs of wave steepness, breaking waves character and waves
impacts are required to validate the scour risk envelope concept and confirm the
results of the phy'sicél model studies; | A

e Additional sediment transport tests are required at full and medium scale to
explore the effect of wave height on the scour processes. These tests should
include a plainer beach slope to enable repeatable measurement, and comparison
to this study. Full scale model test would enable cohcems regarding scale effects
to be explored; .

- ®  Further hydraulic modelling of the interaction of breaking waves and seawalls is
required. This should utilise PIV measurements with a frame rate of at least 200
fps and examine the use of bubble PIV techniques to obtain measurement at the
point of wave impact and during the high velocity downrush;

¢ By combining the field and iphysical model experiments, the scour processes can
be investigated in greater detail to improve the definition of the scour risk
| envelope concept. Once the key scour processes are understood, numerical

modelling techniques can be developed to provide validated scour predictions.
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11. Appendices |
Appendix A: Pearce et al. (2006) Scbur at a seawall- field measurements
and laboratory modelling. Paper presented at the International Coastal
‘Engineering Conference, San Diego, 3-8 September 2006. ASCE, New
York. Vol 4, p2379-2390. o | '
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Appendices

Appendix B: Blackpool field study — data filter criteria.

Filter rule criteria for extraction of Tell-Tail data from Blackpool dataset

A minimum sensor vibration rate of three pulses per minute was chosen to eliminate
data points triggered by wave impacts shaking the instrument shaft and causing
vibrations in sensors buried below the bedch level. This filter was the only rule to be

applied to the Southbourne dataset, which was ndt affécted by the other issues.

At Blackpool, the significant tidal range led to the lowest active sensor remaining
several metres below the zone of turbulent wave breaking, this sometimes led to
insufficient flow vélocities at ‘the wall toe to trigger a beach level measurement. Instead,
sensors high up in the water column were activated; these produced misleading beach
level results which appeared to show the beach level fluctuating rapidly by a couplé’of
metres at high tide. Fortunately the deepest scour depth generally occurred before high

water; and did not affect data extraction.

A plot of beach and tide height indicated that during low wave activity the water surface
disturbance would tend to activate successive sensors as the tide rose and fell,.
producing false readings. To ensure adequﬁt_e turbulence a minimum offshore wave
hei;ght of 0.75 m was chosen. A minimum sé_nsor immersion depth of 0.1 m was also
selected followiilg ph(itographic evidence which s_ixggested pools of water,
approximately 0.1 m deep were sometimes present in front of the seawall at low tide.
Durin/g a flood tide the surface water in the pool would be disturbed by swash and
activate sensors raised above the bed, inferring a slightly higher beach level. Setting a
conservative threshold of 0.1 m sensor immersion, ensured that sufficient water depth

and turbulence were present to activate the sensor closest to the bed. This filter also

eliminated false signals generated by the wind or by persons moving a sensor.

In some cases the scour features in front of the wall appeared to persist over several
tidal cycles, these features are were excluded from the analyéis as their scour rate
appeared excessive (greater then 2 cm.*?), onlynew scour events were considered,
_from a flat beach profile. In the final filter criteria, the offshore incident wave angle was
limited to between 225° and 315° to exclude strongly oblique wave angles. This also

- excluded false signals associated with waves in an offshore direction.

B o . ‘




Appendices

Appendix C: Blackpool field study- comparison of scour depth to incident wave height
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Appendix D: Plots toe scour depth versus wave height, wavelength, water depth and Iribarren number
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Appendix E: Comparison of residuals from Equations 5.4 and 5.5 to wave height, wavelength, water depth to wavelength ratio and Iribarren

number parameters
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Appendix F: Plots showing the goodness of fit for Equation 5.9 and 5.10
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