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Abstract

This document reviews the scour protection systeegsired around port structures
where these are to be used for the berthing ofeleg®wered by water jet systems.
The development of a scour protection system atePdarbour in Dorset has been
documented and reviewed and a series of laboratorgstigations were then
undertaken. This has enabled a greater understandithe scour mechanisms from
the water jet propulsion systems of High Speed sShifphis work has shown that
current design guidance on scour protection isappropriate for use on berths used
by High Speed Ships, that failure of these systezam occur rapidly and
catastrophically, and secondary effects from wgts may promote the failure of
quay walls. The scour protection system shouldprase two individual elements, a
filter layer and an armour layer. It has been fotimat systems involving individual
isolated armour units are inappropriate and prenéilure and that shaped linked
armour blocks need to be used. The loads on thewarlayer were also found to be
oscillatory and the materials used for both thecanmand filter layers need to be
designed for cyclic fatigue loading and fretting.at& jets are also capable of

reducing the strength of permeable, seabed strata.
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Chapter 1
INTRODUCTION

This report is a PhD research project, the purpdsehich is to investigate the scour
effects from High Speed Ships (HSS) around poncsires and to consider the

requirements for scour protection systems.

This project has been conducted at Cranfield Usitier(Defence Academy) by

Gareth Evans.
1.1 Background

The project was initiated from construction woréaried out at Poole Harbour,
Dorset where a traditional scour protection schevas designed to current design
criteria and which subsequently proved inadequaiowing this failure a new scour
protection scheme was developed and constructedamas found to be capable of
resisting the scour forces. A physical model @& $tour protection system used at
Poole Harbour was developed to study the behawndrgain a greater understanding
of the system. The relationship between the wateflpw and the scour protection

system has been investigated and better understpofithe design criteria obtained.

Since the 1990’s there has been tremendous grovitieideployment and use of high
speed ships (HSS). The effect that these crafthaeng on the industry is being
compared with the change to container ships in 1860’'s, and the predictions
suggest this growth will continue (Baird & Martih998). These vessels operate at
speeds in excess of 28 knots which is around 12 tines that of conventional
ferries. This speed advantage is a critical fagtothe growth in operation of these
vessels, which are now predicted as being ablertwige effective competition

against overloaded road and rail transport linkhénear future.
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The design of high speed ships varies from coneeativessels both in terms of their
hull shape and propulsion systems due to the usatamaran (wave piercing hulls)
and water jet technology.

The designers of the new high speed ferries haméigtoed the vessels to enable
them to operate from the berths originally intenttedhe conventional vessels, using
normal Roll on Roll off (Ro Ro) facilities. Simillgr their draught is typically the

same or less than already available so dredgingtisisually required and their gross
tonnage is typically less than similar size conwardl vessels enabling the existing
fender systems to be retained. Consideration isgbgiven to the design of temporary
floating berthing facilities for these vessels thow their use in strategically

important locations for short periods (Baird & Mart1998).

The current generation of high speed ferries maghagacterised as wide beam with
catamaran hulls and water jet propulsion. They tenlde of aluminium construction
with wave piercing hulls, and stern loading ramfise move away from conventional
propeller drive is primarily due to the greateri@éncy of jet drive units when
operating at high speeds. The use of water jeedsixsstems has also meant that the
directional control of these vessels is no longehieved by a rudder but by direct
vectoring of the propulsion jets. The configuratiohthe vector system enables a
proportion of the jet flow to be directed downwaedsapproximately 40 to 60 degrees
to the horizontal onto the seabed. This is theimab position when drive is engaged
but no translational thrust is required and theweed thrust is balanced by the
component of the jet that is vectored downwardsfandards. It is this arrangement
that is giving rise to serious scour problems adoport structures.

Scour problems arising from conventional propeterven ships has been widely
appreciated for many years and conventional protedystems have been normally
alleviated the problerfBerg & Cederwall, 1981), (Hamill, 1988). The irdiaction of
high speed ferries with their water jet propulsgystems has given rise to scour
problems on berths previously used by conventishgls at a number of UK ports.
These problems have also shown that conventiowalr srotection systems installed

to protect against propeller driven vessels arékelyl to prove adequate in protecting
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against high speed ferries. Quantitative recordssfmour are difficult to obtain
because there is often reluctance on the part df qaghorities to publicise these
problems (Whitehouse, 1998).

In order to reduce the costs incurred by using tagsssist in berthing and unberthing
operations even the modern conventional propetiged vessels are now being fitted
with large powerful bow thrusters or vectored negzthat are producing similar
thrusts and wash to the jet units. This is paréidulthe case for ferries and other
vessels on regular service. During the preparatibthis report the displacement
vehicle ferry operating out of Poole Harbour waplaeed by a new larger vessel
equipped with ducted nozzles as opposed to cororaitpropellers. Within days of

commencing operations this new vessel caused acatg problems within the Port.

1.2 Project aims

The following project aims have been developed rtovide design parameters to
assist in the design of new scour protection systemHSS berths and manoeuvring
areas.
» To review the scour protection systems used atePbiarbour and identify
both the problems that occurred and the solutibias were adopted and to

draw conclusions for the future design of scoutgxtion systems.

* To develop a physical model of the scour protectigstem used to allow the
measurement of the hydraulic forces on the praiercystem.

» To review the current design guidance for engineerappropriate protection

systems taking into account:

* The propulsion system.
* The nature of the seabed.
* The selection of materials and systems



Chapter 1 INTRODUCTION

1.3 Project objectives

The project objectives and deliverables are sebelaw.

1

To fully document and analyse the staged devetoprof the Poole
Harbour scour protection system in order to idgntihe critical

parameters for future design.

To investigate localised effect of water jets e scour protection
system by physical modelling in a laboratory tahke model tank was
used to investigate the displacement forces onstwur protection
blocks generated over a range of water jet velxcitind for permeable

and impermeable seabed conditions.
To examine the effect of air entrainment in theew jet.

A review of the suitability of the scour protectiused at Poole Harbour

and provide recommendations for further investaatvork.



Chapter 2

LITERATURE SURVEY AND
BACKGROUND THEORY

This chapter provides background on the growthigh tspeed ships and expected
future trends both in deployment and design changdkese vessels. No previous
work into modelling the scour effects from high sgeferries has been found.
Therefore previous works have been examined rglatnscour protection systems,
scour effects from conventional propeller driverssads and modelling work carried

out on water jets from dam spillways.
2.1 Growth and Trends of High Speed Ships

Conventional ferries are displacement vessels @nduah their maximum through
water velocity, according to Froude’s laws, is adiion of their waterline length.

This speed is given by the formula:

Hull speed (knots) = 2.42]WI creneeneeee EQuation 1

Wherel, is the waterline length of the vessel in metres

Since conventional ferries have typical lengthha tange 80 to 140 metres it can be

seen that their maximum cruising speeds will bén@range:

20 Kts. — 28 Kts.
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This hull speed is also known as the ‘hump’ spestlia discussed by Lewis (1988),
it forms a natural speed restriction for converdionessels. For vessels to exceed
their natural hull speed they need to have sufiicigower to climb over their bow
wave and lift clear of the wave trough that is fethby a displacement hull. This can
be achieved by applying a large amount of powexr vessel with a planing hull or as
in the case of the high speed ferries by using wewaercing hull together with the
aerodynamic lift from the catamarans deck.

High Speed Vessels with speeds typically greatan 28 knots represent a trend in
shipping that is affecting both short and deep-teaers (National Ports and
Waterways Institute Lousiana State University, 200@emendous growth in the use
of these vessels has occurred since the early 198h these craft providing
competition to conventional ferries on most of thain ferry routes around the UK,
Europe and in many parts of the rest of the wdflargqyannis et al., 2000).

When these craft were initially put into serviceeyhwere heralded as the most
significant change in sea transport since the dhiction of container vessels.

However, predicted growth trends for these vedsal® not been met in recent years.
This has been due to the rising fuel costs, enmental and sea keeping issues.
Notwithstanding this it is clear from recent deymteents that vessel designers are
solving these problems and that the growth in geeaf these vessels will continue. It
is also likely that a new generation of high spBedRo cargo vessels will be brought
into service that will allow a modal shift of cargbat is currently carried on

congested highways. (Akagi, 1991)

The developments taking place are likely to offéeraatives to the gas turbine
motive power units that are currently used in tIf®HWood, 2000). But the current
proposals by ship designers are based upon regaiménexisting water jet propulsion

units.
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2.2 Scour

The scour process is described by Sumer and Fr€@d802) as the loss of material
resulting from the insertion of a structure in awl This is to differentiate from
erosion which is considered as loss of materiakurmhtural' flow conditions. Scour
has then been categorized into two forms

* clear water scour when no sediment motion takesekr from the
structure,f < O

» live bed scour when sediment transport occurs thesentire bed,
0 > O

whered is the undisturbed Shields parameter defined by;

U,

°= s-1)d

.......................................... Equation 2

and

U,=7./P oiiiiiiccccc e Equation 3

(In the case of waves should be replaced kxy, the maximum value of

oA ,00

the undisturbed bed shear stress.)

Where;

7, = the bed shear stress for the undisturbed flow
s = specific gravity of the bed sediment

g = gravitational constant

d = grain size

andd., is the critical value of the Shields parametdri¢sls, 1936)

corresponding to sediment motion
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This categorization has been extended to include;

* Global scour

* Local scour

Where global scour occurs over the whole structooation and local scour is
confined around individual elements of the struetdt is often the case that local
scour is additive to the global scour. Exampletoo&l compared to global scour are
given for offshore structures by Angus and Moor@8@). These terms can become
somewhat blurred in the case where repeated localr vents can appear to cause
progressive global scour (Whitehouse, 1998)

In the case of vessel movements we can apply dasighefinition, but in this case
scour can be defined as the loss of natural seaagerial as a result of the hydraulic

flows generated by the vessels propulsion and masmiog systems.

In many instances the occurrence of scour is mamar has no significant affect on
the function and stability of the adjacent strueturTo establish the importance of
scour it is necessary to determine the likely effat the environment, or adjacent
structures, which in the case of seabed scourimublve predicting the depth and
area of the scour, the likely duration and freqyent the scour source and the
possible structural or functional implications. Thmatial study should identify all
forms of scour as described above that may be préseenable the ‘in combination’
effect of likely scour to be assessed.
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2.3 Structure — Scour interaction

Due to the hidden nature of scour where it gives to structural failure this can be
instantaneous with little or no prior indication$ distress. In the case of bridge
structures this has resulted in significant losdlifef and has been the subject of
national concern (Standing Committee on StructGaflety, 1994). Following this

report, inspection regimes were adopted withinteto carry out assessment and
routine monitoring for scour on both highway ani badges. At the same time many
port operators have also become concerned ovepdtential of scour damage and

many have introduced regular monitoring regimes.

In the design of marine structures the current gruee (British Standards Institute,
1984) the only allowance for loss of bed matemsahirequirement to include for an
over-dredge of 1 metre of bed material. Thereforless the designer recognises the
potential for scour there is no tolerance allowed idesign to accommodate anything
other than minor bed loss adjacent to the structure

In the case of port structures the basic strucfiorahs are described below, together
with the potential failure mechanisms due to botbus and soil liquefaction or
weakening.
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Gravity Structures

These structures are founded at a relatively slwabombedment and derive their
lateral and overturning stability from their ma$gpical examples are mass concrete
walls and caissons. Due to the shallow foundatibey are vulnerable to scour and
potential failure mechanisms include direct undmus of the foundations, toe scour
causing either rotational failure of the structureyotational shear failure of the soil.
Figure 1 shows the typical structural arrangeméiat gravity quay wall together with
the overturning and stabilising forces acting oe thall. It can be seen that any
significant loss of seabed from the toe of the wall result in a reduction in sliding
resistance and gross loss can result in the deweopof a soil slip plane which

would promote failure in overturning.

Stabilising force due to passive Overturning force due to active soil pressure
earth pressure

Potential structural
rotational due to soil
slip circle

Figure 1: Section through a gravity quay wall showing overtuning and
stabilising forces

Open Piled Structures

10
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The revetment slope beneath an open piled strutdyseone to scour, toe scour can
give rise to slip failure of the embankment andsamuential lateral loading and shear
failure of the piles

Suspended Quay

Piles

Revetment slope

Potential slip circle
seabed scour occurs

Figure 2: Schematic diagram of an open piled quagnd deck slab

11
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Sheet Piled Walls

This is a common form of construction for modernrtitie where the ground

conditions permit. This form of construction oftases horizontal ties positioned at
the level of Mean Low Water Spring tides and cote@do anchor pile or blocks

located behind the sheet piling and outside the zdnfluence.

Stabilising force due to passive Overturning force due to active soil pressure
earth pressure
Tie rods often used
and taken back to
anchor blocks

Figure 3: Schematic diagram of a sheet piled watlhowing the overturning and
restoring forces

These structures derive their stability from passarth pressure of the seabed on the
seaward side of the sheet piling. Even temporanyox@l of seabed material will
cause loss of passive earth pressure as a stadpifiarce on the sheet piling which
cannot then be readily re-established (Simpson &doH, 1998). This is illustrated

by comparing the typical coefficients of earth gres.
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In non cohesive soils the effective active prestatand a retaining wall is given by

I

0, =K (yz-u).................................. Equation 4

The passive earth pressure is similarly calculatedg the coefficient of passive earth
pressure (Tomlinson & R, 2001, pp.199-206)

!

p, =K,(yz-u)................c........ Equation 5

Where;
Py = Active soil pressure due to ef fective stress

pp = Passive soil pressure due to ef fective stress
K, and K, arethe active and passive earth pressure coef ficients respectively

Y is the bulk density of the soil
z is the depth

u is the pore water pressure

13
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Typical values of the active soil pressure coeffits for non cohesive soils are
tabulated below:

Table 1: Typical values for Active and Passive Edn Pressure coefficients

(Tomlinson & R, 2001)

@' (Angle of shearing resistance)K, Kp
20 0.5 2.1
o5 042 | 25
30 035 | 3
35 0.27 | 3.8
40 022 | 4.6

Following a scour event due to a ship propulsiostesy the scour hole will typically
refill. This is especially true with HSS scour gnithie holes formed tend to be deep
and steep sided. Where the scour occurs in froat sifeet piled wall the stabilizing
force from the solil will reduce as the coeffici@ftpassive earth pressure is no longer

valid and tends towards the lower bound coefficardctive earth pressure.

14
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2.4 Soil Liguefaction

When the pore water pressure in a non cohesivensodases, it reduces the effective
stress between the soil particles. This processumslamental to the study of
geotechnical engineering and variation in the poaiter pressure within a soil can be
brought about by a number of factors for exampteugd water flows, loading and
waves. Any increase in pore water pressure in acobesive soil will give rise to a
reduction in the soil strength, and the ultimatgstis when the pore pressure equals
the overburden pressure giving rise to soil liqoee. It is important however to
recognise that prior to reaching liquefaction thiera progressive loss in soil strength
as can be seen from equation 5. The effect of sinfiaaves in certain circumstances
has also been found to give rise to significanteparessure variation to cause soil
liquefaction in the marine environment. This effees caused movement and failure
of subsea pipelines and scour protection block&giSat al., 1992) (Sakai & Gotoh,
1994).

This problem has been studied in detail by SumdrFaedsoe (2002) in respective of
wave induced liquefaction on pipelines and armdacks. This work was focussed
on the cyclic build up of soil pore pressure indubg a wave train. In some cases the
pressure increase was sufficient to cause liquefadf the soil. Where this occurs in
proximity to structures as demonstrated in seci®even a modest increase in pore
pressure can reduce the Factor of Safety of thetste. It is also the case that even a
temporary rise in pore pressure within a soil canse a permanent loss of soail
strength. It is not current design practice towalteduction in soil strength parameters
due to this effect (British Standards Institute340

In the case of the work at Poole Harbour the oalgnack armour blocks not in the
direct scour area were found to have been buriegatethan their original placement
depth. It is thought that this was caused by theckd sinking into the seabed

following soil liquefaction caused by the watesjet

In addition if it is proved that the HSS jets arngimg rise to an increase in pore
pressure within the seabed strata this processdmoave a similar effect to that

described above in reducing the passive soil aggistin front of port structures.

15
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2.5 Scour Protection Systems

Any scour protection system is required to fuldict functions:
1) Reduce the action of the water velocity cagi$ine scour.
2) Increase the resistance of the natural stoagaosion.

To achieve these requirements, most systems coangvis components, a cover (or
armour) layer and a filter layer. The exceptionthes is where the cover layer is

impermeable and a filter layer is therefore nounesg.

Impermeable cover layers should only be used wbgoess pore pressure (which
could give rise to uplift) within the substrata da@ ruled out. In the case of marine

structures this is very unlikely to be the caseaipore pressure variations are likely
to occur from:

* Waves

* Pressures within the seabed strata generatetthidogombination of

low permeability and tidal lag.

* Inflows through the seabed under adjacent dsitlctures due to
ground water flows and tidal lag.

16
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Cover Layers

Typical cover layers include rip-rap (placed nafstane), concrete blocks, concrete
bagwork, stone filled gabion baskets and geocoatsinThe resistance of all single
element systems against hydrodynamic forces ineseadth the weight of the

element, but this weight increase is usually linkedan increase in size. These
systems are typically layered 1.5 to 2 units irckhess. Where individual units
become very large this tends to increase the Vimétiween the units placing greater
demands on the filter layer. This size requiremedab proves a limiting factor in

design where navigational clearances are to be anenvolves greater seabed

excavation and increases the design retention hefginy adjacent structures.

In order to minimise the thickness of the armowetabut retain an adequate
resistance against hydrodynamic forces, Heibaun®QR®ecommends the use of
connected armour elements. This can be achievedohyecting individual units
together as in gabions or binding units togethepéial grouting or by use of open
textured asphalt. An interlocking paved system wvalso provide a degree of

interconnectivity but this will lose all resistangece a small section starts to fail.

-

Ly
[

Figure 4: Showing interconnected Armorflex concree units

(Reproduced from the Armorflex™ catalogue)
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Figure 5 Showing stone pitching being bonded bysahalt and an interlocking
concrete block system

(Reproduced from the Hesselberg-hydro Ltd and tineafflex™ catalogues)

The oldest forms of scour protection are fascinénesses which are willow bundles

of 100-400mm diameter tied together.

Continuous layer protection can also be providedybgsynthetic mattresses filled
with concrete or mortar, their placement can belessdbecause mattresses can be

zipped or sewn together. (see Figure 4 and Figure 5

MIXING WATER
PASSING OUT THROUGH

o)
&
_Q,f SURPLUS CONCRETE
£
el
&) FABRIFORM

PASSING OUT —
THROUGH FILTERS

Figure 6: Section through a grouted mattress
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(Reproduced from the Intrusive Prepakt catalogue)

Figure 7: Laying a grouted mattress

(Reproduced from the Intrusive Prepakt catalogue)

Filter Layers

Traditionally filter layers have been provided bgntrolled placement of layered
granular material. However, due to the difficultyedfectively placing fine material
underwater, often in current flows, these systemsehad limited success. In recent
years the use of geotextile filters has made placeraf effective filter layers more
easily achievable. Where high frictional resistaisceequired between the underlying
strata and the filter, layer the use of non wovewotgxtile is recommended by
Heibaum (2000)

Studies have been carried out by Fotherby and RiL#68) on shaped concrete
armour units. Where used in breakwater situatibesshaped units such as Tetrapods
or Dolos have a high porosity which has been shawrprovide more energy
dissipation and allow greater unit stability (Fig@ and Figure 9). In river and marine
scour protection systems this high porosity promateour and the pumping of fine
materials from under the units which will place igher load on the filter system
(Sumer et al., 2001).
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FOR RENT
360- 723-0100

— ag

Figure 8: Showing concrete ‘dolos’

(Reproduced from the Pierce County WA.org website)

Figure 9: Concrete Tetrapod

(Reproduced from Flikr website; photo by d ha rehéviumba India)
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Tests carried out on 'Dolos' (Brebner 1978) andk&oes' (Fotherby & Ruff, 1998)
revealed that these units had no advantages overahoip rap when placed on a
horizontal bed under steady state turbulent flohew/the same units were laid on

slopes there were advantages due to the naturbd ahgepose of these units being
greater than rip rap.

A design equation was developed by Fotherby (19856)ocal scour protection at
bridge piers using shaped concrete armour units:

g(sgv—ozl)DM =07+ 2({%] .................. Equation 6
where L = largest dimension of the unit
Vo = average approach flow velocity
Dy = equivalent spherical diameter for the unit D6 for Toskanes
b = pier width
sg = specific gravity
g = gravitational constant

Fotherby (1995) summarises her work with the siatd:

‘Analysis of the little data available indicatesatithe complex shape of
the amour unit does not have significantly increaseability over rip

rap of equal weight when installed in the bed ahannel.’

The research work to date into scour protectioriesys has been to cater for flow
velocities normally experienced in rivers and esasawhich are of the order of 2ths

to 5ms'. These flows are substantially less than thosergéed by the water jets
from HSS. In addition, the nature of the failuretlod conventional rock armouring at

Poole Harbour suggested that the forces imposdteorock units were considerably
underestimated when using the current design goelan
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2.6 Scour Modelling

The scour effects from water jet propulsion systelmsiot appear to have been the
subject of any published research papers. Fronusisens within the industry it is
understood that special investigations have beelertaken by the Wolfson unit at
Southampton University to establish some limitesigie parameters for the design of
HSS scour protection at Portsmouth Harbour but tigk is not in the public

domain.

Due to the lack of previous research into thisdppapers on the following subjects

have been reviewed in order to provide backgroafatination for this work:

1) Scour effects from conventional propellers.
2) Scour effects from plane jets from dam spilfsia
3) Design parameters for scour protection systems

Scour effects from conventional propellers

The disturbance and scour from conventional prepelhas been appreciated for
many years. The resulting damage has been repuoytedveral researchers, Quarrain
(1994) who found that 42% of major British Portsl lecountered propeller induced
bed scour and that of this 29% were classifiedeasgoof a serious nature. A similar
study by Berg & Cederwall (1981) on Swedish pootsnid that 16 out of 18 ports had

suffered damage due to propeller scour.

Research by Hamill (1988) into the scour effectscofventional propellers have

enabled predictions to be made of the maximum defpsicour E)

E, = f{Vo,D,.ds.C.0,0, A, 0)

WhereE,, = Maximum depth of scour
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Vo = efflux velocity
D, = propeller diameter
do = median sediment grain size
C = clearance distance between the propeljeiatid the seabed
p = density of fluid
g = gravitational acceleration
A, = difference between the mass density of the ssdiend the fluid
0 = kinematic viscosity of the fluid
In the above:

V, =nD,,/C,

where n

C:

and

Where

number of propeller revolutions per second

propeller thrust coefficient

=F ..eiiiiiieiieinenn... Equation 7

F, = Densimetric Froude number

And

Where

— P = Ry vervriiin, Equation 8

Rej = Reynolds number of the jet
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Based on the work by Rajaratham (1984 )erosion produced by a plane wall jet (in
this case the plane wall jet described by Rajamatms a rectangular shaped jet
emerging from a dam spillway as opposed to a @arcjglt) it was demonstrated that

provided:
Ry > 1¢
the scale effect of the Reynolds number could lggeicéed.

From the above it can be deduced that model jetsflcan be applied to full scale jets
without significant scale effects provided the R¢ynolds numbers are above the

threshold values determined by Rajaratham.

Hamill (1988) also comments that where plane moomarjets were used for models
of conventional propellers these did not produagoad representation of propeller

wash.

In later work taking into account the effect of thelder the following empirical
equation was proposed for the prediction of equiulin scour depth;

%‘= = 0.75- 0.0F, + 0.022) - 0.15(1 +a) ............. Equation 9

Where
S = the maximum equilibrium scour depth withoutidder.

It was noted by other researchers that the presehdke rudder could cause an
increase in the final equilibrium erosion depth @yactor of 3 (Sumer & Fredsoe,
2002)

Scour formation in plunge pools

The research carried out in this area is mainly$ed upon the scour development in
non cohesive granular soils, and whilst useful fribi aspect of modelling most of
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these papers, do not provide insight into this enirivork where it is the protection
system that is being examined rather than the dpwetnt of scour within a natural
river bed. They do however provide insight into biedaviour of turbulent jets.

Jet development

When the jet enters the tailwater pool the wateuijglergoes a various transition stages to its
fully developed stage this process has been amblgge(Ervine & Falvey, 1987) this is
illustrated inFigure 10 below. It can be seen that although the jet resaitact upon entry
into the pool there is expansion of the outer bampaf the jet and contraction of the core. It
has been found that erosive capacity of the jetagimised after is becomes fully developed
in the pool. The water jet from the HSS is formeectly from the manoeuvring buckets of
the vessel so the initial flow can be expectedadully turbulent however the development

stages will be similar to those foundkigure 10

Outer jet boundaryexpansion
angle 6 - 14 degrees, with a
smaller angle for a jet

exhibiting laminar flow

and no air entrainment

and increasing for turbulent flow
with air entrainment

Core contraction angle 4 - 8 degrees
with a smaller angle for laminar flow
and increasingwith initial jet
turbulence
Boundary expansion angle increases
10 - 15 degrees with the

lower figure applicable to /— Circular falling jet
laminar flow and

the higher figure Surface of plunge pool
for turbulent flow /

Zone of flow establishment
as the core of the jet diminshes

Zone of established flow

Figure 10: Development stages of a water jet enieg a plunge pool

(Ervine & Falvey, 1987)
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In his paper Bollaert (2004) examines the procgswlitich scour holes form in rock,

and models the effect of a water jet impacting anous sizes of rock joint.

o Plupging jet impaet

o Diffusive shemd-liye

° BHottom presaure Nuetuations
0 Hydrodsmume rmcturing
o Hydrodymmme uplift

o Franypart downuteeam

Figure 11: Diagram showing the scour formation cyle from a free falling jet
(Bollaert & Schleiss, 2001)

The process of scour formation as described byaBdllis shown in Figure 11. This
diagram illustrates the scour cycle where the wategntrains air during its entry into
the plunge pool. This entrained air gives rise wo teffects which are dynamic
pressure variations and change in velocity of gteThe dynamic pressure variations
may enter the rock joints, progressively extendhmgse joints until the joint network
surrounds an elemental piece of rock. Then anntet@ous net pressure difference
acting across all faces may eject the elementa imm the surrounding mass. Once
ejected, the element of rock can be moved by thle turbulent flows. This effect had
not been documented in any of the previous papedsadfered an explanation to
some of the problems and failure observed durirg itistallation of the scour

protection at Poole Harbour.
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Scour evaluation methods derived from researchechbretween 1932 and 2001 as
analysed by Bollaert and Schleiss (2001) can be sebe primarily either empirical

or semi empirical as demonstrated in Table 2.

Table 2:  Showing scour depth prediction methodsrpposed by researchers in
the last 78 years

Number of
Ref No Scour evaluation method researchers adopting
each approach
1 Empirical approach based upon 19
laboratory and field observations
2 Analytical-empirical methods
combining laboratory and field 12
observations with some physics
3 Approaches based upon extreme values
of fluctuating pressures at the plunging 7
pool bottom
4 Techniques based upon time-mean and
instantaneous pressure difference apd 7
accounting for rock characteristics
5 Scour model based upon fully transient 1
water pressures in rock joints
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The empirical formulae were typically in the form:

Y=t+h=K™~a™ . ................Equation 10

g'dr,

Where t is the scour depth below the initial bed depth

K is a constant

q is the jet discharge rate (per unit width of tee |

H is the fall height of the jet (through air)

h is the tailwater depth (measured from the initigér bed level

d is the characteristic sediment size or rock bldigmeter

Mason and Arumugam (1985) calibrated this formgaiast a large number of scour
results and suggested the following parametersragiding the best fit for both

model and prototype conditions.
K = (6.42-3.1H %)

V=03

W=0.15

X = (0.6 — H/300)

Y = (0.15- H/200)

Z=0.1
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Further work on scour in plunge pools had beeniedhiwut by Mason (1989) where
the scour depth formulae at the time were sumnthresed found to have some
notable discrepancies. These were thought to asse result of neglecting the
aeration effect within the water jets. Through aieseof laboratory tests Mason

developed a new equation for scour depth:

_ 339%°(1+B)"h™®

T g 03 Drg.OG

................ Equation 11

Where: T = scour depth
g = discharge per unit width of plane jet
h = tailwater depth above unscoured bed
g = gravitational constant
Dm = mean size of bed material

B = air / water ratio

Semi empirical equations have been developed hbynabar of researchers combing
field and laboratory data with some physics andetaitkd overview of these is
provided by Bollaert (2002) who also provided aprapch based upon the extreme

values of fluctuating pressures at the plunge pottom.

In his work Bollaert found the simultaneous apglma of extreme minimum ( and
maximum bottom pressures above and underneatlotiecan result in net pressure
differences of up to 7 times the root mean squataevor 1.5 to 1.75 the kinetic
energy of the incoming jet (Figure 12). These fegudo not include the violent
transient pressures that can be present in the jodgts as mentioned by Bollaert
(2002). In his work on the transient pressures d&wtl does mention that the
maximum and minimum pressures should be defingdeatentre of the block for a

long enough time interval but does not elaboratehenextent of that time interval.
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Since the maximum and minimum pressures are nourimgr at the same time
interval the pressure difference as defined reptesthe upper limit of dynamic
loading. The work by Caroni. E et @002) where direct force measurements were
take on a spillway slab shows an increase in thgirman force measured with
increasing time interval. In this case the testdiions were maintained for long
periods and as suggested by Bollaert the likelihobdnaximum and minimum
pressures coinciding increase with the time dumabiothe event.

Ap

-
time

[YYYYY

Figure 12: Pressures causing rock ejection

(Bollaert & Schleiss, 2002)

2.7 Background Theory

To gain a better understanding of the forces aabinghe scour protection system

some basic concepts in fluid mechanics will be wared.

A body subject to an incompressible flow will bebget to drag which can be split
into pressure drag and profile rag (Douglas e2805). Total drag on a body is often
described in terms of its drag coefficient whichaiscombination of pressure and
profile drag. Diagrams for drag coefficients focyinder and a sphere are shown in

Figure 13
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Reynolds number

Figure 13: Drag coefficient versus Reynolds number

At very low Reynolds numbers the flow past a boglailaminar, the inertial effects
small, and the pressure recovery almost complepessure drag is small and profile
drag is nearly all due to skin friction. For Reyi®humbers between and 10 the

drag factor is nearly constant. At Reynolds of ab@@ the boundary layers changes
from laminar to turbulent before flow separatiorddhere is a marked drop in.Gn

the case of the concrete blocks the values showkigure 13 will not be correct but
the general shape of the curves will be similarevéhair is entrained this will reduce
the effective density of the fluid, the combineddien will become compressible

which will give dynamic pressure effects.

On a cylinder within an incompressible flow for Reyds numbers greater than 90
and up to 2 x I0vortex shedding can be expected to occur. Thiscefbroduces
alternating lateral loads on the cylinder whichuoe vibration. The frequency of this
forced vibration can be calculated from an empirficemula due to Vincent Strouhal

in 1878 and is known as the Strouhal number.
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f=o0198% -2} Equation 12

Where
U, = Initial velocity

d = diameter of wire
Re. = Reynolds number

This formula is valid for 250 R, <10°

2.8 Air Entrainment

Previous work on the jets into plunge pools hascatdd that air entrainment within

the water subject has a significant affect on s¢Botlaert & Schleiss, 2001)

It has also been noted that there are significesttlpms in modelling air entrainment

using scale models due to the scale effect ofitHeudbles within the water.

In addition bubble formation in a salt water enwmiment varies from that in a fresh
water (Craig et al., 1993)

2.9 Hydraulic Similitude

The factors of similarity that are normally requireo be considered in hydraulic
modelling for this these flows are based upon awhge Froude number similitude.
For this work in common with other researchers ¢@aet al., 2002), (Bollaert, 2002)
a geometric scale of 1:20 was chosen and the niogletlarried out to Froude

similarity.
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Table 3:

Factors for Hydraulic Similitude

Type

Defining Characteristic

Geometric

Shape:

All the significant elements of the scour protect®ystem will
be reproduced in the model. Scale factor is thaticglship of
linear measurements between the modehihd the prototypkp

Kinematic

Motion:

Velocity and direction of flow are reproduced taalecin the
model. The scale factor for velocity is the relasbip betweer
the Froude numbers for the mode€l.§ and the Prototypd=(,)

Fim= l:rp
Vi ! (L) 92 = Vy/(gLy)0-2
ValVp = (9L 0-9/(gLy)0-5

ViV, = |_m0.5/|_p0.5: (|_m/|_p)0.5

I

Dynamic

Forces:

At similar points all forces are reproduced to edalthe model
In this case it is necessary to establish theiogiship betweer

the model and the prototype for the following cases
Dynamic pressure from water flows:

1l
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Type

Defining Characteristic

Static water

pressure

P. _ 3 P9V
- P 1
Pp Epgvs
L2
N Lm
2
L
Lm
N Lm
L,
Pstat=pgh
., Fu_poh,
P, ,oghp
Pm Lm
—» m_—"m
» Lo

Reynolds number

Reynolds number
Re =pvL/u
Where:
p = Density
v = velocity
u = dynamic fluid viscosity ( for water= 0.89 x 10 Pa.s)

Where the value of Reynolds number is large thesrkitic
viscosity has a lesser influence on flow behavidinerefore the
respective Reynolds numbers for both the prototspd the

model will be considered. For pipe flows a Reynofsnber
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Type

Defining Characteristic

greater than 2300 is generally considered as itidgcéurbulent
flow. Therefore this would be a threshold valueokeivhich the
model would have to take into account differencefkeynolds

number.

For prototype

Re =1.1236 x 10
For the model
Re = 1.264 x 10

Therefore in both cases the flow can be considerdae fully
turbulent and the difference in the Reynolds nunitgdween the
model and the prototype will have little effectriglation to the
jet flows. This concurs with the work by Rajaram&who
demonstrated whereR> 10' the effect could be neglecte
However this parameter must still be considered Gard taker
when comparing local flow effects on the model athe
prototype. In the case of water flows between tbacrete
blocks case the Reynolds numbers could be 3.370°%™3%)
and 2.690 x 17Frorovre)

35



Chapter 3

DISCUSSION ON CURRENT DESIGN
GUIDANCE

3.1 Current Design

Current design of scour protection systems is éthib the prediction of scour depths
for a given flow and bed patrticle size and the glesif rip-rap protection to resist

fluvial or tidal currents and for scour resultimgrh propeller driven vessels.

The design guidance has been developed from physmaelling and in most cases
subsequent numerical modelling. Design guidance e provided for flat bed
conditions Mason (1989) and the protection of amadslopes under open piled quay

walls is discussed in a PIANC guidance note (1997)

Since they currently represent the principle sohgiavailable, the design equations
from Mason (1989) have been examined over a rarigeawables up to those
expected from high speed ferries. It should be cdh¢it@t these equations were never
intended to be used for the design flows illusttdtelow but this serves to illustrate
why additional design guidance is required.

Taking the equations from Mason (1989) and exti@pd gives the results shown in
Figure 14 and Figure 15. In both cases the peaigerair entrainment has been taken
as zero. It should be noted that extrapolatiorhe$¢ tables is not valid since they are
derived from empirical formulae however in the atz®e of proper guidance this is
being used for design.

In Figure 14 a jet velocity of 10risvas used and it can be seen that the scour hole
depth is sensitive to the patrticle size of bed nwtever the range 0.1mm to 200mm
but at greater particle sizes there is about theeszhange in scour depth (for particle

sizes up to 1800mm.)

In Figure 15 a patrticle size of 1000mm was usedthisdshows virtually straight line

relationship between jet flow rate and scour depth.
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Whilst the application of existing numerical modétsthe scour from high speed
ferries provides some trend information, it cleashows that extrapolation of these
equations is not correct, since the scour depthatticle size curve gives hardly any
change in scour depth once the particle size escé&in. Clearly when compared

with the limited full scale data from Poole Harbdlis is not the case.
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Figure 14: Scour depth predictions from Mason 198 (Particle size v
scour depth)
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Figure 15: Scour depth predictions from Mason 198 (Flow rate v scour

depth)

3.2 Design Guidance

In the PIANCDocument design guidance is provided to size tlye ARp’ stones as

follows:

Where

p 15
— d i
Uo—c{—} e EQuUAtion 13

U = centreline jet velocity from the propeller
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¢ = 1.48 for a non ducted propeller and 1.17 forwctkd
propeller

P; = Installed engine power

D, = Propeller diameter

The initial jet diameter is given by the equations:

D, = 0.71D; for a non-ducted propeller

Dy = D, for a ducted propeller

The maximum bed velocity generated from a prop&lehown in Figure 16

Umax/U0
0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Hp/DO

Figure 16: Maximum bed velocity from a single progller

Where H,= distance from propeller centreline to top of scpuotection/seabed
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= Maximum velocity at bed level

U?‘J"I.EI

The calculated value di,, ... is then used in the following graph to deterntime

(DEI})

the mean stone size required:

Mean stone
size (metres)

3

2.5

15

0.5

0 1 2 3 4 5 6 7 8 9
Bed velocity (m/s)

Figure 17: Mean stone size required for a givendiv velocity
The above graph is based upon a density for tHesrot2650 kg/miand a density for

the seawater of 1026 kglm

For sloping banks it is recommended to increasendan stone size by 50%
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A worked example in the document shows that fo0@0B dwt container ship with

the following specifications:
Dp = 7.4m

Pd = 33000kW

With an under keel clearance of 1 metre then tipeRRp protection would comprise

2 layers of rock 0.9m to 1.1m diameter.

This represents a scour protection for a vesseh afiproximately five times the
displacement tonnage of a large high speed ferng. dxperience at Poole Harbour
has shown that this system would prove to be camlylenadequate to protect against
scour from even the smaller high speed ferries.
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THE CHARACTERISTICS OF
HIGH SPEEDSHIPS

4.1 General Features

The high speed ships referred to in this reportchi@acterised by their propulsion

systems.

The current generation of vessels are typicallthim range of 30m to 80m in length
with operating speeds in excess of 28 knots. Tpr@pulsion systems are usually gas

turbine engines driving a water jet unit.

The form of the vessel is a catamaran wave pierbulgwith a linking deck and
usually the deck linking the hulls is aerodynamicabnfigured to provide lift forces
during high speed operation, see Figure 18. Igftime vessel in this manner reduces
the “wetted” area of the hull and consequentlyhp@raulic resistance and also assists

with overcoming the conventional speed restraihtaventional vessels.
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TIER 2 — PASSENGER DECK

#maat 030

74m Wave Piercing Catamaran

Figure 18: Typical High Speed Ferry

(Reproduced from the Incat catalogue)
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Chapter 4 THE CHARACTERISTICS OF HIGH SPEED FERRIES

Of particular interest in this report are the wastrdrive units which there are located
in the hulls. An illustration of this is shown inglre 19, although the vessel shown is

not a catamaran hull.

Figure 19: lllustration of jet drive installation

(Reproduced from the Rolls Royce Marine Propulsioatalogue)

The construction of these vessels has until regdrgén limited to two companies in
Australia, Austel and Incat, although they havenbeenstructed in various parts of

the world under licence. As a result of this thg stesigns are very similar.

The layout of 74 metre high speed ferry is showRigiure 18. This layout is typical
for vessels of this type with the water jet driveits located at the rear of the
catamaran hulls. These vessels are constructed dtominium to reduce the dead

weight tonnage since their performance is gredtgcted by displacement.
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4.2 Water Jet Drives

The basic configuration of the water jet drives siiewn in Figure 20 and Figure 21.
The important factor in the drive system is that jigt drives operate at constant speed
during manoeuvring. This speed is typically limitex 70% of full power. The jet
flows and velocities are shown in Table 4, the sizthe jet orifice is 1m diameter (=
0.785m?).

Figure 20: S type Jet Drive unit manufactured by RIls Royce

(Reproduced from the Rolls Royce Marine Propulsicatalogue)

Figure 21: A Type jet Drive unit manufactured by Rolls Royce

(Reproduced from the Rolls Royce Marine Propulsicatalogue)
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Table 4: Typical jet flow and velocities foHigh Speed Ships

(Reproduced from the Rolls Royce Marine Propulsioatalogue)

Power Flow Rate Average Jet Velocity
Cruise 15m?3 & 19.1ms!
Manoeuvring 10.5m3 & 13.3ms!

4.3 Jet Vectors

The possible jet water permutations are shown gurféi 22 and Figure 23. The jet
nozzles rotate up to 30° either side of the sttaadjiead position in order to allow yaw
control. In order to produce no translational émanoeuvring cowls (often referred
to as ‘buckets’) are used to deflect a proportibthe jet rearwards and downwards
onto the sea bed. Where reverse is required, fundesof the buckets deflects a larger

proportion of the jet back under the vessel.

When the manoeuvring cowls are used, the watevgkicity is governed via the
engine speed to 70% of full power (or less). It tenseen that the vessel can be
operating its water jets at 70% maximum thrust, Wilitremain stationary by using
the partially deployed manoeuvring cowls to balatheeforward and reverse thrusts.
It appears to be normal practice when manoeuviendérthing to operate the water
jets at the maximum allowable (i.e. 70% full powerorder to minimise operational
‘turnaround’ times. Maintaining the highest possifgt velocity during manoeuvring
gives the vessel a much greater control respondasaparticularly likely to be used
during conditions of high winds.

An additional factor during the operation of thenmauvring cowls is air entrainment

within the water jet. Due to the jet nozzles belogated close to the free water
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surface when the cowls are deployed, they induc&an the surface into the cowls.
The effect is clearly visible during the vesselgdemtion but no quantitative
information is available showing the percentagaioentrainment that occurs. It will,

however, be a variable figure related to cowl posiand jet velocity.

Forward propulsion Zero speed

Figure 22: Deployment of deflector bucket for maneuvring

(Reproduced from the Rolls Royce Marine Propulsicatalogue)

Steering port ¥
Steering starboard

Figure 23: Jet vector for steerage

(Reproduced from the Rolls Royce Marine Propulsioatalogue)

4.4 Intakes

The water jet intakes are located on the undewsidie hull. These intakes typically
have 3 to 5 times the cross sectional area of éhengzzles so the velocities are
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proportionally less. Although these elements clearfluence the water flows around
the vessel they are not considered as noticealityibating to the scour effect of the

jets.

It should be recognised however, that any siltsmdll debris thrown into suspension
may be taken into the jet unit which will causeederated wear on the turbines and
nozzles. In addition the jet output will be grittexining and this will greatly increase

the risk of impingement corrosion to the dock dinoes.
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Chapter 5

POOLE HARBOUR SEABED
PROTECTIONSYSTEM

In 1997 a high speed ferry commenced service dpgraetween Poole Harbour and St
Helier in the Channel Islands. Poole Harbour isfed on the south coast of the UK and
due to the distances involved had operated a sisgeice each day to the Channel
Islands with one conventional ferry. The high spsedvice was able to operate two

sailings a day with one vessel.

The service carries passengers and light vehiciés two sailings per day over the

summer period between April and October.

5.1 Background

Prior to the start of the ferry service, Poole HanrbEngineers identified the requirement
for several modifications to the existing RoRo tevah (Terminal 2). These included the
modification of the end of the link span to accondaiaie the new vessel and provision of
seabed protection within the berth area. The lopatif this berth is shown in Figure 24.
The requirement for seabed protection was idedtibg Poole Harbour Engineers as a
result of scour damage that occurred to the bedhiqusly used by the same vessel at

Weymouth Harbour.

50



Chapter 5POOLE HARBOUR SEABED PROTECTION SYSTEM

e

san
N
7

1 < Browniea Istaond
. B 7
y 3 L&
M3
. L I \ Ll )
@ Round Istand - o
,: .
L
¢ ¢ (4
R - -
e :—"\Eﬁ“{f’ NS Furzey Island
Tel 1000C) g (e
=" Island
5‘1]211' = ¢ slane
Ve )
[ ol s 3
A | Clawr Ao .
~ Clamvel 7P v
|, 2 | 015" Point For =y e

Figure 24: Location of Poole Harbour Ferry Termind

Reproduced from the 1:50000 Landranger series witk frermission of the Ordnance Survey© Crown copyrighii
rights reserved Licence AL 100010731

The required works were designed by Royal Haskanrind the seabed protection

system was installed by Sub-Surface Engineering.

The ferry is a 74 metre catamaran with wave pigrdmlls and constructed from
aluminium. The propulsion units are two water jeivels, one located in each hull.
Manoeuvring is achieved by rotating the water jetates in the horizontal plane and

deflector cowls to change from forward to reverse.

The natural seabed in Poole Harbour was a coarskwsih occasional pockets of soft
clay. It was a key client requirement that any veaidk the seabed could be easily removed
using conventional plant and equipment. This wam#&ntain flexibility for any future
works required in the port. The distance betweenséabed and the vessel jet outlets is
shown in Figure 25. On the assumption that thésjatghly turbulent on its exit from the

bucket the jet core contraction will be around 8rées which will give a fully developed
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jet within a water depth of 3.6 metres and greataich will be the case on most states of

tide (Ervine & Falvey, 1987)

— Cope level = + 3.9 m Ordnance Datum

Sheet piled quay wall

Ordnance datum = Chart datum + 1.4m 4\_

/

Mean High Water Springs = +2.1m Chart Datum

Mean Low Water Springs = + 0.6m Chart Datum

Typical draught of HSS

Chart datum —x

Jet Nozzle will be
between 3.2 metres and
4.7 metres above the
seabed

3.200m

Figure 25: Schematic diagram showing the seabedeerances for the HSS

5.2 Development Sequence for the Seabed Pratectio

Reduced scale Figures have been included in tlisoseof the report and the full size

drawings appended. Pre-construction survey of émthlwas carried out in October 1996,

see Figure 26.
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Figure 26: Pre-construction survey

Phase 1 - The original scour protection system designed and installed in 1997
followed by an extended period of monitoring ansloagated remedial works see
Figure 27. In addition to the seabed monitoringiastonal checks were made on
the steel thicknesses of the sheet piles. The giroteworks proved inadequate
in the area of the linkspan as the installed raekse subject to gross movement
during each berthing operation. These movement® gase to both scour

problems and seriously reduced navigational clessiue to mounding of the
rocks.

Phase 2 - During 2001 it was decided that a revssetiem of seabed protection was
required immediately adjacent to the link span.sTimew system was designed
by this researcher in close consultation with Pdtdebour Engineers. The test

panels were installed in the winter period whilet ferry was out of service.
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Phase 3 - Following installation, the monitoringpqgess continued, after a further two
years service the installed system was extendedaandnproved protection

system at the seabed/sheet-pile interface consttuct

The layout form of the protection systems is showwnthe appended drawings and

described in detail below.

5.3 Phasel

Figure 27: Phase 1 works at Poole Harbour Termina2
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The system comprised natural rock (Portland Stomih, an average weight of 4 tonnes
(air weight) and an average size of 1.5m long xnlvide x 0.9m high, obtained from a
local quarry. The construction tolerance for thresthed seabed level after placing of the
rocks was +150mm. This tight tolerance was essential in otdeachieve the necessary
navigational depths without removing passive sedistance to the seaward face of the
steel sheet piling. The natural seabed was dredgedonstruction level using a
combination of diver dredging, and grab dredgirapfra barge. Following this, a close
woven geotextile was laid on the seabed and a dolayer of rocks placed on top.
Around sections of the perimeter of the protectedaconcrete blocks were laid to form a
kerb line. This kerb line was an additional requoiest specified by the Harbour Engineer

to limit the migration of the rocks away from thetection area.

The kerb units and second layer of rocks were pldgea crane located on the quayside
with divers controlling the positioning. Due to tlmeach/lift limitations of the crane

outermost kerb and blocks had to be placed usorgree on a dredge barge.

This method of construction was adopted to achidwe tight vertical tolerances
necessary. The levels underwater were checked assygtem developed specifically for
this project. The system comprised two high acquaessure transducers which were
calibrated to give comparative depth measurememtdam the two transducers. Waves in
the area of the terminal were generally of smaigliteand wavelength. With the wave
heights involved and when working at depth the weffects on static pressure changes
were high attenuated Despite this wave height cosgieon was built into the system by
taking a series of static pressure readings anchgveg these over a rolling sample period
on both the reference transducer and the mobitesdrecer. The sampling rate was set at
0.1 seconds and the sampling period set at 5 sedonsuit the wave period within the
harbour. Although the system had the facility tayvéhe sampling period it was not
necessary to alter this during the works. The pressransducers measured absolute
pressure and atmospheric pressure variations ve¢nelevant since it was a comparative
measurement device that was checked for calibra@mh time it was used. This system
was able to produce repeatable level readingsttuman accuracy of 50mm underwater.

The works took approximately 8 weeks to completsita
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54 Seabed Monitoring

Following the placement, a programme of routine neoimg was set up to check for any
significant movement of the rocks. Initially wheretferry first started operating from the
berth the monitoring was carried out every few daywverify the effectiveness of the
protection. The results of this monitoring surveg aummarised in Figure 28 and the

numerical results appended.

Poole Terminal 2 Seabed levels Chainage 0

0.p0 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50{00

—&—16/04/1997
-4.00 —&—19/04/1997
—&—21/04/1997
—*—09/05/1997
—%—23/06/1997
—e— Initial Levels

Seabed level in metres

Distance from quay wall

Poole Terminal 2 Seabed levels Chainage 5

-3 —&— Initial levels
—8—16/04/1997

18/04/1997
-4 19/04/1997
—%—21/04/1997
—8—09/05/1997
—+—23/06/1997

Seabed level in metres

Distance from quay wall

Figure 28: Seabed profiles at the linkspan aftemistallation of the phase 1 works

The presence of large discrete rocks meant thatecional single beam echo sounding

would not provide a sufficiently accurate plot efyamovements. In particular the initial
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formation of voids between rocks would not be ideed at an early stage. It was

therefore decided that the seabed monitoring wbealdarried out by divers.

The system adopted is indicated in Figure 29 whivers were required to walk out

across the seabed at 5 metre chainages along thie bad take depth readings at
approximately every 2 metres out from the berthe Tethod proved to be accurate and
able to produce highly repeatable results. A furtdvantage was the diver was able to

provide a visual description of detected movemémhe rocks.

Tape measurement Diver held GSI buoy
to point at each used to ensure correct

" depth measurement ,alignment of diver on
% / / the chainage line
% i

/

Steel sheet
pile wall

% | High accuracy pressure
Ay transducer to establish
N
,depth reading relative
nce transducer

D- Reference transducer

Figure 29: Instrumentation and technique used forock levelling

Initially the monitoring was carried out over thélflength of the berth but it was quickly

established that the area of concern was limitetthédfirst 30 metres adjacent to the link
span. The remainder of the berth was then only kdtboccasionally and no detailed
measurements taken. In addition, in the areas @djd@o the link span where substantial
rock displacements were occurring, the divers wesed to strop up and relocate rocks
when navigational clearances were lost and additicocks/blocks were placed in areas

where all the rocks were missing and the geotegkfgosed.
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Significant movement of rocks was detected aroumadlink span area after each ferry
berthing operation. In one instance a 5 metre d®gpir hole was found immediately
outside the area of rock armouring. This was pértfdled when the adjacent section of

concrete kerb blocks and rocks slumped into the.hol

It became apparent that the rocks themselves wetreoffering any significant scour
protection, and it was only when the geotextile mahained in place that scour was
prevented. The formed concrete blocks were prosgiggificantly more stable than the
rocks, but even these units were moving when stlfedirect impact from the ships

water jets.

From the routine monitoring and remedial works mswclear that the natural seabed
(sand) was being displaced wherever there wasaasyih the integrity of the geotextile.
A particular area of concern was in the cornetheflberth adjacent to the link spans. The
scour in this location was occurring within thepans to the sheet piling, the voids
formed by the displaced sand were being filledH®yadjacent rocks falling into the scour
holes although in some locations rocks were foumteld below their original placement
level even though they were outside the zone ofimgiingement. After the first 12
months operation, a scour hole of around 3 metsgghdhad developed in this area,
although this had not shown up on the level momtpdata due to the adjacent rocks
moving into the scour hole as it formed. The degtbcour was detected by probing at the
in-pan positions and determining the depth to thedsstrata. The movement of the
original rocks that formed the scour protectioroitite scour hole had been compensated
for over the period by adding additional concreltigcks to the bare areas of geotextile.
Three other problems were noted during the momigoprogram. Where the geotextile
was exposed, it was found to be suffering from merable abrasion damage. Where
sand was being picked up in the jets, this wasicgusipingement corrosion on the steel
sheet piles. If any sections of geotextile becarae they would pose a significant threat

to the high speed ferry if taken into the coolaminps or water jet intakes.

At this stage a comprehensive review of alterngbratection methods was undertaken in

close liaison with Poole Harbour Engineers andithiwiefly summarised in Table 5.
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Table 5:  Review of Alternative Scour ProtectiorMethods
Type Description Advantages Disadvantages
Fabriform Concrete filled grout| Relatively easy to Very vulnerable at
mattress 75mm to construct. Large edges and once
350mm thick. coverage for underscour would
relatively low cost. | require complete
replacement.
Amourflex Precast concrete unitdviat units easy to lay| Similar to fabriform
up to 350mm thick but connecting the
connected together adjacent mats
with rope or wire. underwater is
expensive.
Rock As quarried rock Readily available. No control on shape,

obtainable in most
sizes.

proven as
ineffective.

Insitu Concrete

Concrete placed
directly on seabed.

Quick to place.

Difficult to control.
Environmentally
difficult to use
cannot be removed.
Thickness difficult
control.

Precast Concrets
Blocks

> Precast blocks joineg
together.

Easy to place deform
to bed profile.

Requires significant
diver intervention.

Gabions Stone/rock in wire | Deform to bed. Specialist placing
baskets. required.

Steel Plates Steel plates laid on | Quick to place. Expensive.
seabed. Corrodes.
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5.5 Phase Il Works

From the monitoring of the Phase | works it waglewt that concrete cuboid blocks were
considerably more stable than the rocks, especialign they were laid in a tight

geometric pattern.

It was decided to carry out a small scale testgusoncrete blocks in the area of greatest

scour. The general arrangement of the blocks i&sho Figure 31.

The blocks were cast on the quayside with liftingese formed in their top surfaces.
Running through the centre of the blocks were 100dmmmeter plastic ducts that were
used to connect the blocks together in groups &pacer washers were used between the
blocks to allow for articulation. These groups wimened by tensioning 20mm diameter
stainless steel cable which was looped throughctmre ducts. The objective of the
system was to allow the groups of blocks to aréitaito follow the existing seabed profile
but to prevent significant gaps opening up betwten blocks. This system was also

designed to allow for movement should minor scaauo under the blocks.

A purpose made lifting frame was manufactured axdet! to allow the blocks to be
craned into position as a complete group, withnliftchains attached to each individual

block in the group, see Figure 30.
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Figure 30: Concrete block installation by divers 8ing purpose made lifting frame

Prior to the installation, the seabed was re-swetiegnd any existing rocks that would
obstruct the new works were individually stropped araned clear. The seabed was
levelled by dumping sand and new geotextile plamest the top of the sand.

The new groups of blocks were then positioned bemdi on the seabed, and the groups

were connected to each other by shackles and chains

The area covered by these works was the area atiegteseabed scour to the corner of the

berth and only 6 groups of the concrete blocks .used
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5.6 Phase Il Monitoring

The Phase Il works were monitored for two yearse Blocks were found to be successful
with the blocks remaining in position whilst sulijéa direct impact from the ships’ jets.
The problem that was found was extensive scournakrdhe edge of the blocks which
caused washout of most of the sand fill beneatiwtha@le area. In addition there was still

a scour problem at the location of the sheet pHpans.

It was also noted that despite the seabed haviag levelled prior to laying the blocks,
there were localised works and gaps between thersiae of the blocks and the seabed.

After two years of monitoring it was decided toend the concrete block-work protection
and to carry out further works to prevent scouhatin-pan locations.

57 Phase Il Works

The arrangement and extent of the Phase Il walkshown on Figure 31. This system
was similar to the Phase Il works but includeddre¢tdge details, used insitu concrete to
provide scour protection at the in-pan locationd annnected the blocks to the sheet

piling to prevent any gaps opening up The detagdus shown in Figure 32.
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Figure 31: Arrangement of concrete blocks phase @B Phase 2 similar but with
only 4 block sets in the corner of the berth)
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Figure 32: The improved sheet pile scour protectio detail

The blocks used for Phase Il were recovered froenstabed, cleaned and re-used. The
seabed was re-levelled using sand fill, and a steéhg welded underwater to the sheet

piles around the area of the works.

From the experience gained from the earlier wollksjob was completed over a 2 week

period.

5.8 Phase IV Works

In December 2007 further inspections of the sealyetection system were carried out.
The inspections revealed that failure of the gedeexnembrane had occurred at the
junction between the sheet pile wall and someifigtof the membrane had occurred
under the edges of the blocks suggesting that yeiee movement of the membrane or

the blocks had occurred. Where the failure of thetgxtile had occurred at the sheet pile
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wall junction, the loss of the sand substrata hadsed a localized void that was 2.5
metres in depth. This in turn had caused the ctedrecks over this area to settle and
slope down towards the corner. The original roclksenfound at depth under the new
scour protection system at depths of up to 2 mdteésv their original placement levels
The inspection also revealed that the wire caltlas had been used to connect the block
sets together had fretted through at the cornetiseobuter blocks. Remedial works were
undertaken to fill the void and repair the scoutection. This involved the removal of
the blocks, infilling the void with sand, and therelling and renewing the geotextile and

repositioning the original blocks.

5.9 Discussion on the Poole Harbour Works

The works carried out at Poole revealed the follmayproblems:

1) Conventional scour protection measures uséld @docks and harbours
are not adequate to cope with the vectored jets fnmh speed ferries
and current design guidance does not exist. Coior&itdesign criteria
used for Rip Rap are not appropriate and providersafe solution. The
failures being observed could not be easily explhirwhen solely

considering the hydrodynamic forces

2) The critical area for protection is the imnadimanoeuvring area on the
berth. In this case the area was found to occuwdet the sheet piling
below the link span and up to 35 metres along #rthb

3) Edge and toe protection around scour protectigstems is critical for
the integrity of the whole system. This is partaly true at the sheet

pile/seabed interface.

4) Even where the seabed is levelled prior t@iptha seabed protection
system it must be assumed that local voids willetlgy beneath the

units.
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5) Where rock protection was used, not only idithil to protect against
scour but the movement of the rocks caused lochlmeunds of rocks
on the seabed which caused navigational clearandss reduced below

the minimum requirements.

6) The weight and depth of any blocks used né&ztie reduced as much as
possible to minimize material usage, excavatiortldegost of placement

and to reduce the “design” retained height of aljg@ent structures.

7) Following a review of the survey data it wasted that some of the
original rock armouring was found buried up to 2tmee below its
original placement level even where this was oetdiee immediate areas

of scour.

From the experience at Poole it is clear that aoyisprotection system would not only
be subject to direct forces from the jet drive sinitWhere voids exist and develop
between and under the protection system, the vjettewill raise the water pressure in

these areas giving rise to uplift and ejection égrc

This problem was appreciated at the time of thes@Mladesign which is why lightweight
mats such as Armourflex or similar were not usddwas decided that although these
systems could be anchored to the seabed theseragebavould have to be continuous at
edge locations and that conventional toeing ingced by rock dumping, would not prove

adequate.

From the model testing that was carried out, it icasnd that there were additional
factors to be considered in the design of the spoatiection system. These resulted from
the response of the blocks when subject to loabinthe water jets. The forces generated
in the blocks were found to be highly variable tating loads which could give rise to
oscillation of the individual blocks on the seabéd.the light of this, when further
inspections were carried out on the scour protectigstem, particular attention was paid
to the geotextile mat and the block connectionesystlt was found that both of these
elements had failed as a result of this action.
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During the December 2007 inspections, the faildrihe geotextile membrane appears to
have resulted from the geotextile flexing agaihst torners of the concrete blocks. This
action suggests that the jet is causing a fluatgatbad to occur on the geotextile and
blocks to generate the problem. This indicates &ngt future designs will need to allow
for this cyclic load in the materials specificatiand block design. The fretting of the
wire rope suggests that the cyclic movement wadimdted to the geotextile but that the

individual blocks themselves were also subjectytdic movement.

The burial of the original rocks from the phase drkg is now thought to be due to a
combination of loss of original seabed by scour aelfi burial due to liquefaction of the

seabed due to the jets raising the seabed porsupees
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LABORATORY MODELLING

6.1 Introduction

From the research carried out no previous attempte found to measure the forces on
model blocks from a water jet. Therefore all aspeiftthe physical model had to be
designed and detailed specifically for this praje&tl the testing frames, support

systems and load gauges were drawn up and manwgddtuthe university workshops.

6.2 Description of the Physical Model

A model of the seabed protection system at Poolbdtat was constructed to enable
laboratory simulation of the action of a water get concrete armour blocks. This
model allowed the vertical loads on the concreteld to be measured when a water
jet was directed from various angles, at differfimgyv rates and with varying air

entrainment in the jet.

The general arrangement is shown in Figure B8e components used in the model
are described in Table 6, and illustrated by tretddies, drawings and photographs.
This section is followed by a discussion on the Weymodel was configured
together with a description of calibration proceztuand calculations carried out to

quantify possible errors.
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Jet pipe connected to
75mm centrifugal pump

\

Block Support Rods Air feed
connected to load
gauges
Jet pipe adustable in

angle and position

‘ Water level in the tank

Lower seabed platform
support rods allowing
raising or lowering of
the platform

Tank outlet connected to
pump return

Test tank walls

Neoprene seal used to
seal between the
seabed platform and
lower seabed platform

Concrete

Seabed platform

Lower seabed
platform

Lower seabed
platform shown in
the lowered
position

e

Figure 33: Schematic view on test tank showing skeed plated and model blocks
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Strain gauge

locations
Hollow section Aluminium angle
aluminium clamps providing
supported on load frame cantilever support

3mm dia
stainless

support rods
PP Model concrete

block

Figure 34: Schematic diagram showing concrete blicsupports and load

measuring system

The elements used in the physical model are sursethimn Table 6 below:
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Table 6: Summary of model components

Element

Description

Comments

Test Tank

1.8metre x 1.2metre x 1.2metre
riveted steel water tank braced with
external scaffolding

Figure 35

Load gauges

15mm wide by 225mm long by 3n
thick stainless steel strips
incorporating Vishay strain gauge
(type CEA-06-250UN-120)

Rigure 43 and Figure 44

Load frame Purpose made aluminium frame | Figure 39
formed from box and channel
sections. The frame was designed tp
be highly robust and rigid to minimise
any distortion under load
Upper seabed | 35mm thick engineering plastic Figure 33
plate 900mm by 900mm with central
machined hole to take model blocks
Lower seabed | 35mm thick engineering plastic Figure 33
plate 1200mm by 900mm
Jet pipe 50mm internal diameter steel pipe | Figure 42
machined to take 3mm internal
diameter steel pipe to allow air to be
introduced into the water jet (75mm to
50mm reducer used to connect to the
pump supply pipe)
Water Pump 75mm centrifugal pump driven by a Figure 41

petrol engine Rated at 1300 litres pe

minute

1Y

r
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Element Description Comments

Connection 75mm spiral reinforced plastic Figure 41

pipes

Static pressure| 6mm diameter holes were drilled arklgure 46
tapped into the lower seabed plate and

plastic air tubes lead back to a
pressure gauge

Concrete mode
blocks

These were cast in the laboratory
using a 5mm maximum size aggreg
with a cement: sand: aggregate ratic
of 1:1Y/,:3 (by weight) using ordinary
Portland cement. The blocks were
centrally reinforced with a 5mm
square section mild steel bar that wz
tapped to take the 3mm threaded st
bar.

Figure 45 and Figure 37
ate
)

1S
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Figure 35: General view of test tank
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Figure 36: Loading Frame

Figure 37: Steel formwork for the model scour progction blocks
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486

30 (Typ), 2 (Typ) 6 6
Wire connector to testing Continuity platform 600mm x 600m!
17 frame over (marked C) /
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Fixed blocks marked Ihu \Cenlral blocks connected to guage bars and fresipasted marked |hu
BLOCK LAYOUT FOR PHYSICAL MODEL IN TABLE FIG 6.4

Figure 38 : Drawing of Model Scour Protection
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Figure 39: General view of loading frame showingauge bars
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Figure 40: View on bridge amplifier and ‘Pad’ datalogger

Figure 41: Pump unit and connection hose
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Figure 42: Jet pipe and air feed

Figure 43: Load gauge
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-+——€3-—-
[~ ~———— 3.2mm diz hole to take connecting rod

#_flsmm x 225mm x 3mm thick stainless

steel gauge bar

225

Vishay strain guage fixed to gauge
bar using epoxy resin and aligned
over cantilever point

Figure 44: Gauge bar and strain gauge
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Figure 45: Showing model concrete blocks and conci@on rods

Pressure
gauge

Open
ended
pressure
tube

Figure 46: Diagram of static pressure measuremersystem
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10mm diametre hole drilled
through seabed platform

and underside tapped to air
% pressure tappings

Seabed platform 35mm
thick plastic

e

544

424

310

30mm x 30mm neoprene
seal

located to surround block cut
out in upper seabed plate

252

452

Figure 47: Layout of lower seabed platform and pation of static pressure
tapings

6.3 Discussion on the model and calibration pdoces

Direct load measurement of the jet forces on thelehblocks was carried out for

several reasons.

e The turbulent flow around the model would have el high speed

pressure transducers and logging equipment that maravailable.
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* It was the forces on the blocks that were of irgerand if pressure
measurements had been used to derive these tHewesld have been an
approximation based upon and assumed pressurebdiigin across the
block.

* Supporting the blocks on cantilever gauges allowresl elasticity of the
supporting soil to be modelled. This meant thaicétiral interaction (i.e. a
load sharing system due to shear) of the blocktenturbulent flow could
occur.

* Allowing differential movement of the adjacent btscallowed the flow
environment to change dynamically during the tgsts the blocks would
deflect according to the imposed loading (Carlibgle 2002)

* Load measurements would reflect the inertial dagppinthe high frequency
pressure transients arising from the turbulent flow

* The measurement of the forces at either end ofbtbeks allowed the

differential force across the supports to be mesksur

Following the experimental work it should be notddht if high speed pressure
measurements around the blocks could have beemdeztsimultaneously then a
more complete picture would have been obtaineds lalso recognised that the
measurement system used could potentially prodigrefisant ‘noise’ due to flow
excitation of the rods and gauges bars. For thasae the resonant frequency of
individual components was calculated and compargainat the load oscillation

outputs as part of the data integrity checking.
Load Gauges

Calibration of the load of measuring gauges wasdeathout by connecting the gauges
to the computer via the amplifier and parallel pledice. Each gauge was mounted
on the testing frame and loaded with a series lifreded weights. The weights were
added individually in sequence and then removeth@é same order. This process
allowed for any hysteresis affects to be identifid& unloading figures were found to
be a very close match to the loading figures incalles. Single axis strain gauges
were used since only longitudinal bending of thaggabars needed to be measured
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The results from a calibration graph are showniguie 48. The results from the
calibration procedures were analysed to check riarg and to check that the repeat
results were consistent for all the gauges. Dutimg process it was noted that
amplifier ‘drift’ occurred which caused variations the gauge readings, but this
stabilised after 10 minutes. The recorded datanduhe calibration was analysed and
used to establish calibration graphs for each gaujgese calibration graphs were
used to analyse the test results. The calibratienlts and load charts for the gauges
are shown in Appendix 3 and reduced versions aleded here see Figure 48. The
load - voltage were plotted and the function fadagainst voltage was deduced for

each gauge.
250
=S 214065% H 2 b%
200 7
’f
s
150 A
7
> . al
£ P
100 74
50
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0
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Figure 48: Calibration graph gauge 3
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Initially a linear load voltage relationship waseddor the gauge — force calculations,
the error resulting from the slight lack on linéanvas considered acceptable in this
case. The theoretical relationship for this measerdg system should be linear

however there are a few experimental factors thihhewve affected this:
. The fixed end of the gauge will not have been cetety rigid
. The propped support had a finite length

. The connection between the drop rod and the gaadepartial fixity

due to the securing nuts

Where the amplifier was not zeroed prior to takimg readings this was found not to
affect the calibration curve and only caused as akift. This factor was taken into
account when analyzing the test results to enableskght drift in the zero voltage to

be taken into account during the post processing.

The natural frequencies of the gauge bars are etbtiv establish whether excitation

of the load measuring system was likely to be grfiting the experimental results.

The frequency of an elastic system is given by Bhemko (1937)

............................... Equation 14

And

Oy T Eguation 15
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Where:

f is the fundamental frequency of the cantilever

&, Is the initial displacement at the end of a freatdaver

W is the weight on the end of the cantilever

I, is the self weight of the cantilever

E is Young’s modulus for stainless steel

| is the second moment of area of the cantilewgr st

This gives a fundamental frequency of the gaugeldock system of 29Hz using the
submerged weight of the concrete block. To undedsthe sensitivity of the system,
if the concrete block weight was doubled this wocidnge the natural frequency of
the measurement system to 23Hz, this indicatedethed of change in the natural
frequency of the system that can arise due torttezaction between adjacent model

blocks.

When analysed elastically the support system ferntodel blocks did not indicate
that any appreciable load transfer between the @tgpmvould occur due to moment
resistance from the support rods. This was alsafie@r experimentally by

independently loading each support rod in turn takdthg deflection readings on both
gauges. A typical plot showing the gauge deflecagainst load is shown in Figure
49. In this case support 1 is being loaded andadidd and the resulting deflection of
gauge 2 is plotted. This revealed that the maxinauror of less than 5% on load

readings.

84



Chapter 6 LABORATORY MODELLING
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Figure 49: Graph showing the secondary gauge defitons when support 1 only

Is loaded

The block support system was also compared withatttieipated soil modulus of the
seabed at Poole Harbour. The seabed at Poole Hachowe described as a coarse
grained loose sand. This sand strata extend tdndeyt with respect to the deflection
of the armour blocks will be considered as a linelasstic isotropic half-space, in
reality the load deflection behaviour of the bloakeuld not be fully elastic and
plastic deflection would occur. For the purposeserperimentation however the
plastic deflection will be ignored since this woybdimarily affect the long term
deflection rather than the short term behaviout ihaeing analysed in this work. On
this basis the strata can be modelled as an iefohépth and having constant linear
elastic properties. Using Boussinesq formulatiomas possible to generate values for

the anticipated vertical displacements under tbeks for a given load.
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_ N 1 :
g, = Py {(1+(r/z))§} ........................ Equation 16

Boussinesq formula for vertical displacement

Where:

o, = Vertical displacement
Q =Load

z = depth

r = horizontal distance from load

Jet Impingement Angle

The manoeuvring buckets used on the HSS can defieget across a full range of
angles to the seabed. Therefore tests were camiedith the jet at 60°and 40° to the

horizontal.

Seabed Permeability

The permeability of the underlying seabed was meddby adjusting the height of
the plastic sheet under the scour blocks. Thisedaftom effectively impermeable
when the neoprene seal on the lower section was éigainst the upper section to
fully permeable when the lower section was dropgledr of the upper section. The
permeability was not modelled quantitatively sincgler the two extremes no major

changes were noted to the concrete block forces.
Seabed Clearance

On the prototype the distance between the vessahjtes and the seabed varies with
the tide. The range of possible clearances is shiowRigure 25. The prototype
clearances (3.6metres to 4.7 metres) are sucla tiudity developed jet will be formed
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at seabed level for most states of tide. The seeleadance on the model was 250mm
which is 5.0 metres on the prototype. This valus wsed to ensure a the jet was fully
developed, since earlier research suggested fdly @leveloped jet produced greater

pressure transients at seabed level.

6.3 Scale Factors
The scale factors used for the model were;

Table 7: Model Scale Factors

Type Prototype Model
Geometric 1 1/20
Velocity 1 1/4.46
Force 1 1/20

Reynolds number Not significant for jet | Not significant for jet

flows flows
see Table 3

Water Jet

The water jet unit was calibrated by recordingtthree taken for discharge of the tank
at a given throttle setting on the pump. During firocedure the head of the jet was
maintained at the same height and orientation ethéotest runs and the supply and
return hoses were maintained in similar positiohsorder to eliminate errors due to
flow variations during the pump start up phase,digp in water level of the tank was
timed between two set points. These results were tised to give a volume of water
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discharged by the jet over a measured time pemdldwing each series of tests,

providing an average flow rate from the water jet.

The jet pipe calibration gave very consistent rmssof discharge against throttle
setting with a variation in results of no greateart 3% when carrying of successive

runs on the same settings.

The likely frequency generation from the water puwgs checked by measuring the
speed of the pump input shaft using a tachométeratso allowed the throttle setting
on the pump to be directly calibrated to shaft dpadile the pump was under
constant load. The water pump itself was stripped @éhecked for any defects. The
centrifugal pump was a two port unit which meardttany pulsing of the water jet

arising from this source would be at a frequencinwide the shaft speed of the pump.

The flow rates from the jet were calculated by kiggsging the water from the tank
through the jet nozzle and recording the time talcedischarge a given volume of
water at a constant pump speed. Whilst the jet pipe removed from the tank in
order to carry out this measurement care was takensure the flow and return pipes
to the pump were kept to the same length, conftgaraand relative head as though
used during the experimentation. The results amsarized in Figure 50 below
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y=0.001x
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o
I

¢ Flow Rates v Pump speed

1.50 1 )
—Linear (Flow Rates v Pump speed)

metres
persecond
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000 T T T T T 1
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RPM

Figure 50: Jet flow versus pump speed

Air Entrainment System
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The modelling of air entrainment can lead to eitimpossibly large models (of

around 1:10) or scale effects due to the difficalbtaining in similitude with respect

to the bubble size. (Melo, 2002). The model wa® aperated using fresh water
which has different bubble generation charactesstio the partially saline

environment of the prototype (Craig et al., 1998ptwithstanding these issues, the
use of air entrainment in the jet allowed the gatlie effect of air entrainment to be
studied.

Calibration procedures carried out for the air @&ninent system are set out below.
The needle valve supplying the air to the jet waskad at certain settings and the
supply air to the needle valve maintained at a temrigpressure. The time taken for a
given volume of air to be released from the disgharozzle was then recorded. This

then enabled the flow rates to be calculated. €kalts are shown below in Figure 51.

| e
| e
iy

T
0 0.2 0.4 0.6 0.8 1 1.2

Flow rate (m3/s)
o

Air valve setting (turns)

Figure 51: Air valve setting versus air flow rate

The above results have then been converted togeavifigure for percentage of air
entrained for a different pump speeds and air valtings and these are shown
below in Figure 52.
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Figure 52: Air valve setting versus air entrainmen % by volume for various
pump speeds

Static Pressure System

The static pressure take off points on the lowabed platform were connected to a
pressure gauge. This gauge was calibrated agareaibration gauge (Druck DPG).
In addition a cross check was carried out as thk veas filled with water to verify
that each pressure tapping showed the expectedstatic pressure once the tank had
been filled. Whilst the system proved adequatenfeasuring static water pressures
the air tubes damped out the high frequency presBuctuations and therefore no
meaningful measurements of dynamic pressure fltionmwere recorded beneath the
blocks

Health and Safety Considerations
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A method statement and risk assessment were cawietbr the work to ensure the
safety of the personnel working on the tank and &dsmake sure the other users in

the laboratory. The following key measures werepsetd

* The petrol driven pump unit was operated in thenop& immediately
outside the laboratory. This was to reduce noiskamoid the problems of

exhaust gases

* A chlorine disinfectant was added to the watehmtank to prevent algae

growth and reduce the risk of infection

» All electrical equipment was operated through arDR®esidual Current
Device) and kept at least 1 metre away from thietéed during operation

The jet unit was only operated when securely clairipe fixed object
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Model Test Results and Data Analysis

7.1 Introduction

The tests carried out involved 38 test runs wheee doncrete block forces were
measured with jet angle varying between 40 and &frests to the horizontal, jet

velocities of between 1.00M&nd 3.00m$ and air entrained jet flows.

The first set of runs (1 to 20) was on multipledii® set up to model the arrangement
of the seabed protection at Poole Harbour. Fronaittadysis of these runs it was clear
that the blocks were being subject to highly oatillg forces from the jet flow.

Because of these force oscillations the interadhetween adjacent blocks gave rise
to a highly complex behaviour on individual blocksyas therefore decided to carry
out a further series of test runs (21 to 38) tmsetwith a single block positioned in

the test tank so that it was free to move withouthing adjacent blocks. These runs

were carried out using similar parameters to thioséhe initial set of runs.

Following the first set of runs and having idemtifithe force oscillations, a series of
test and measurements were taken on all the tegiregnt to establish whether any
of the oscillations were likely to have been getesteor excited by the laboratory

procedures.

7.2 Data Handling

The data files have been mapped and displayedsighatesting regime and this is

shown inTable 8
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Table 8: Data file mapping

Data | Raw file Time Jet Jet Seabed | Air Gauge | Comments
file name frame of | angle | speed | location | valve map
ref run setting
(ms?)
Run 1| RunlO 60 3.0 Up 0 1 Multiple
blocks
Run 2 | Bloc2931 21:27 - | 60 1.0 Up 0 1 Multiple
21:30 blocks
Run 3 | Bloc2931 21:29- | 60 2.49 Up 0 1 Multiple
21-36 blocks
Run 4 | Bloc2931 21:35- | 60 2.49 Up 0.25 1 Multiple
21:40 blocks
Run 5| Bloc2931 21:39- | 60 2.49 Up 0 1 Multiple
end blocks
Run 6 | Bloc2932 21:55- | 60 1.00 Down 0.25 1 Multiple
22:06 blocks
Run 7 | Bloc2932 22:05- | 60 1.00 Down 0 1 Multiple
22:07 blocks
Run 8 | Bloc2932 22:06 - | 60 2.49 Down 0 1 Multiple
22:10 blocks
Run 9 | Bloc2932 22:09- | 60 2.49 Down 0.25 1 Multiple
22:15 blocks
Run SBM20041 | 13:00- | 50 1.00 Down 0 1 Multiple
10 13:02 blocks
Run SBM20041 | 13:01- | 50 1.00 Down 0 1 Multiple
11 13:05 blocks
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Data | Raw file Time Jet Jet Seabed | Air Gauge | Comments
file name frame of | angle | speed | location | valve map
ref run setting
(ms™)
Run SBM20041 | 13:04- | 50 1.00 Down 0.25 1 Multiple
12 13:09 blocks
Run SBM20041 | 13:09- | 50 1.00 Down 0 1 Multiple
13 13:10 blocks
Run | SBM20041 | 13:10- | 50 1.00 Down 0.25 1 Multiple
14 end blocks
Run SBM20042 | 13:30- | 50 2.49 Down 0 1 Multiple
15 13:32 blocks
Run | SBM20042 | 13:32- | 50 2.49 Down 0.25 1 Multiple
16 13:38 blocks
Run SBM20042 | 13:37- | 50 2.49 Down 0 1 Multiple
17 13:44 blocks
Run | SBM20043 | 13:47 - | 50 1.00 Up 0 1 Multiple
18 13:50 blocks
Run | SBM20043 | 13:50- | 50 100 Up 0.25 1 Multiple
19 13:53 blocks
Run SBM20043 | 13:53- | 50 1.00 Up 0 1 Multiple
20 13:55 blocks
Run 12912 10:40- | 40 2.76 Down 0 2 Single block
21 10:43
Run 12912 10:42 - | 40 2.00 Down 0 2 Single block
22 10:47
Run 22912 12:10- | 40 2.00 Down 0 2 Single block
23 12:12
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Data | Raw file Time Jet Jet Seabed | Air Gauge | Comments
file name frame of | angle | speed | location | valve map
ref run setting

(ms?)
Run 22912 12:11- | 40 2.00 Down 0.25 2 Single block
24 12:15
Run 22912 12:14 - | 40 2.00 Down 0.5 2 Single block
25 12:16
Run 22912 12:16 — | 40 2.00 Down 1 2 Single block
26 12:18
Run 22912 12:18 - | 40 2.00 Down 0.25 2 Single block
27 12:21
Run 22912 12:21 - | 40 1.46 Down 0 2 Single block
28 12:30
Run 22912 12:30- | 40 1.46 Down 0 2 Single block
29 12:33
Run 22912 12:33- | 40 1.46 Down 0.25 2 Single block
30 12:36
Run 22912 12:36 — | 40 1.46 Down 0.5 2 Single block
31 12:38
Run 22912 12:38 - | 40 1.46 Down 1 2 Single block
32 12:40
Run 22912 12:40 - | 40 1.46 Down 0 2 Single block
33 12:41
Run 22912 12:41 - | 40 2.49 Down 0 2 Single block
34 12:45
Run 22912 12:45—- | 40 2.49 Down 0.25 2 Single block
35 12:48
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Data | Raw file Time Jet Jet Seabed | Air Gauge | Comments
file name frame of | angle | speed | location | valve map
ref run setting

(ms?)
Run 22912 12:47 - | 40 2.49 Down 0.5 2 Single block
36 12:53
Run 22912 12:53 - | 40 2.49 Down 1 2 Single block
37 12:59
Run 22912 12:59 - | 40 2.49 Down 0 2 Single block
38 end

The method used for data handling and processisgas/n on Figure 53, Figure 54
and Figure 55 in the form of flow charts. In Figls@ the process ‘check and clean
run file’ involved editing the data file to includeitput for the time interval of the test
run. The raw data file extended from the time @ef éxperimental setup to completion
of the proceedings. The extended period of loggitmyved checks on signal drift and

for calibration checks on the load gauges to beethout at the end of each period.
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7.2 Data Preparation

data Gauge
calibration

Convert raw
data files into
discrete run
files

Calculate force
conversion
eauations for eac

Run
files

\ 4

Convertrun |
files to forces

A 4

Prepare force
time graphs

A 4

Check and
clean run file

Store
data

Figure 53: Conversion of raw data
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Preliminary data analysis — oscillation frequencies

Yoy

v v
Carry out check Carry out frequency
frequency sampling by analysis using Fourier
hanc Transform
\ 4
Establish

frequency ranges
for each data run

A 4

Compare data
frequencies
against test
equipment

A

Assess any
frequency
amplification factor
present

Figure 54: Frequency analysis procedure
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Data Analysis — Run files

f Run file ;

Calculate maximum Calculate mean forces Calculate minimum

forces, for each run
case

for each run case

Derive relationship
between jet velocity
and maximum force

forces for each run
case

Derive relationship
between jet velocity
and mean forces

\

Derive relationship
between jet velocity
and minimum forces

'

Combine forcedata

Deduce force

fluctuations for

Figure 55: Data analysis carried out on the datadr each test run
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7.3 Data analysis and integrity checking

The load gauge results were initially convertedrfiittie voltages as recorded into load

readings using the conversion formula derived ftbencalibration curves.

The data was then analysed using spreadsheet®desprthe figures and produce
graphs of the test data. Statistical analysis effifpures was carried out to see if the
variation of the forces fitted into any of the naindistribution curves. This proved
that the oscillations lay outside these parametetils much of the data falling as

outliers.
For the data recording system used the Nyquistakitrequency is given by
fo =1/2A
WhereA is the sampling rate in this case 10Hz for tha tiagger, thereforg = 5Hz.

From this the analysis will not be able to ident#yy frequencies greater than 5Hz
however the data suggests that the frequenciedvetv@re generally less than this
figure. The pad data logger was capable of recgrdirthe rate of 10Hz per channel
but was a multiplexer device so data from adjacéainnels would not be recorded
simultaneously as the logger would step through ¢hannels at 100Hz. The
frequencies obtained were compared with the naturdlharmonic frequencies of the

jet pump to check whether these elements are baititrg to the oscillations.

Pump Frequencies: the water pump was operateceinatige of 1000 to 3000 RPM,
it was a two port centrifugal pump, and therefong aulse frequencies emanating

from the pump would be 33Hz to 100Hz

The electrical noise arising from the strain gaugeether with the bridge amplifier
and the pad data recorder were checked by inputhiagsignal output through an
oscilloscope. This showed that all the signal tsoins were of extremely small
amplitude and that where there were oscillationsewdetected; these were at very

high frequencies (in excess of 1000Hz).
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The natural frequency of the gauge together with ¢bncrete block weight was
calculated as 28Hz therefore all the natural fregies from the test equipment were

above the capability of the data recording system.

7.4  Gauge calibration

The tools available within Excel were used to ciat®ithe maximum, minimum and
mean values for the load data and these were storexd separate worksheet within

each data analysis file as shown in Figure 56

Run 2 Analysis

gauge 3 gauge 9 gauge 4 gauge5 gauge 10 gauge 11 gauge 12

Max load 0.236 0.218 1.145 0.097 0.897 1.357 1.140
Minimum Load 0.094 -0.196 -0.191 0.000 -0.073 0.145  -0.047
Average load 0.115 -0.087 0.319 0.026 0.181 0.509 0.308
Average frequency 1.878 0.830 2.657 0.989 0.781 1.597 0.800
Standard Deviation 0.018 0.081 0.250 0.014 0.150 0.179 0.175

Figure 56: Example of Data Analysis Summary
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For each run the load time graphs were prepareddoh load gauge separately and
also for selected load combinations. Where loadlioations were analysed the load
was calculated by summing the load gauge readmgsdch time interval. Examples
of the load/time graphs are shown in Figure 57 laigdire 58. This approach can be
compared with that taken by Bollaert and Schlei2801), where they suggest
combining pressures falling within different timetaervals as providing the worst
possible forces. In this instance this is consideie be too conservative since the
duration of the manoeuvres of the HSS can be medsaminutes and not in tens of
hours as would be the case with a dam spillway.

The selection of (near) simultaneous maxima andmarfrom the support loads is
used since these represent the most credible catidns to give rise to movement of
the blocks. Whilst this is not definitive it is amslar approach to that taken by other
researchers (Caroni et al., 2002). The force measemts represent support loads at
either end of a block, where both these loads etiagain the same direction and are
of the highest magnitude then there is the greatedtability that overall movement
of the block will occur. Where these are on oppgdirections or of very different

magnitude then rotation of the block is a moreljilkaitcome.
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Figure 57: Example of load v time graph for a gaug (Run 2 Load gauge 9)
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LoadinN

Time (secs)

Figure 58: Example of a load v time graph showingptal loads on blocks (Run 2
block loads)

The output graphs were examined to see if the patats suggested frequencies
beyond the measuring system were predominant. T¢leseks suggested that there
were frequencies present that were above theyabflithe data recorder but generally

there were data points showing a waveform. Exangfiéise check graphs are shown
in Figure 59.
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Gauge 3 frequency check
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Figure 59: Example of a load time graph used to @tk frequency analysis

Once all the data from the individual runs had beetessed, the data from each run
was examined in detail to compare the actual resalthose anticipated. This process
was used to look for errors or discrepancies withi data sets. For example in the
case of the multiple block runs, some of the loadggs appeared to be providing no
significant load readings and it was initially tigti that an error had occurred with
the gauge output. Upon closer study the gauges foaral to produce output and the
reduced loads were due to the affected block bleeid against adjacent blocks and
the observed readings were correct. Where thedathh sets have been appended to
this report this not only included the run paramsetend the test results but where

appropriate a short commentary on any discrepancites.
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7.6 Example test run commentary

Run 1

This run was carried out primarily as an initiesttto check the equipment

behaviour. The jet unit was run at higher speed tha subsequent runs and

the effects produced proved sufficiently interegtio include this run within

the experimental data. The example run parametersh@wn in Table 10.

Table 9: Example of parameter summary used for edctest run.

Run No 1

Jet Angle 60 degrees to horizontal
Jet velocity | 3 ms(prototype 16.29mY
Air Flow 0

Seabed Up

Location
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Gauge Jet
Positions and footprint
: : onto
Projected jet Gauge 14 blocks Gauge 8
footprint
/
Gauge 13 N AN / Gauge 7
N J
A /
A
Gauge 1 [ A Gauge 6
A ]
Gauge 11 - v | Gauge!
AN
Gauge 10 - AN Gauge -
Gauge 9 Gauge 3

ﬁ Jet Flow

Shaded blocks are
interconnected un-
shaded are individually
supported

Comments | The test was carried out with the blocks instaledyroups with the
centre group of blocks being individually supporgedl unconnected

to the adjacent block

The pump was run at high speed for several minwits the load gauges reading
continuously at the rate of 10 times per secondtiAe reference 200 seconds as
illustrated on the graph below (halfway through test run) the left hand group of
blocks, that were not instrumented, were ejectethfthe cut-out in the upper plate.
This left the instrumented blocks with free watartbeir left hand side. The load time
graphs for two of the gauges are shown below aedpttint of failure is clearly
identified by the jump in the load readings at tip@®.
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Figure 60: Example of a load v time graph (Run 1 bad gauge 3)

Following the ejection of the adjacent blocks ihdze seen there is around a three-
fold increase in the forces acting on the remairilogks. The ejection of the set of
blocks was observed as being almost instantaneand, there were no visual
indications that failure was about to occur. Follogvthe run, the tank was drained

and the position of the ejected block set is showFigure 61.
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i

Figure 61: Showing the ejected block set followintgst run 1

7.5 Static pressure readings

The static pressure readings obtained during tiperérents are tabulated below (
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Table 10) with the full details included in the apdices. The static pressures were
recorded prior to each set of runs and the readsigEn again during each run. The

table below shows the differential pressure folheaam in millibars.
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Table 10:

Run No

2

10

11

12

15

16

18

19

Static pressure tube readings

Jet
speed

1000

2490

2490

1000

2490

2490

1000

1000

1000

2490

2490

1000

1000

Seabed

Up

Up

Up

Down

Down

Down

Down

Down

Down

Down

Down

Up

Up

Air Jet
valve angle

25

0.25

0.25

0.25

0.25

0.25

110

60

60

60

60

60

60

50

50

50

50

50

50

50

Differential static pressures

Tube 1
(mbar)

60

60

10

50

50

10

30

40

10

Tube 2
(mbar)

50

50

10

10

10

10

20

30

10

Tube 3
(mbar)

10

60

30

10

90

10

10

10

10

20

10

Tube 4
(mbar)

40

50

60

10

90

10

20

10

10

10

50

10
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Chapter 8
Discussion of MODEL TEST Results

8.1 Introduction

The key findings from the model tests are
» Force oscillations
» Jet velocity effect
» Air entrainment effect

» Static pressure effects
Each of these is discussed below.

8.2 Force oscillations

The force oscillations on the model concrete bloakse observed across all the
experimental data. The oscillation frequency washe range of 2 to >5Hz but
appeared to be centred around 5 Hz for the singieke and a lower frequency for
the grouped blocks. The range of values recordasl vetween 2 and 30 times the
average force measured on the block. Close exaimmat the load time graphs for
the block groups reveals intermediate values betwlee maxima and minima point
on the graphs. This indicates that there are metgminantly high frequency
oscillations occurring beyond the measurement dhfyalof the data recording

system, which was 5Hz for the block groups. Thelsiblocks, however, with higher
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oscillation frequencies were at the limit of th@ahility of the test equipment. In both

cases the oscillations were clearly visible duatighe test runs.

The load gauges were measuring the forces at eamtbfehe model blocks as if they
were a simply supported beam, as demonstratedgurd-i49: Graph showing the
secondary gauge deflections when support 1 orbaided, the moment transfer from
the support system resulted in an error of less #t®6 between two supports. This
error would be cancelled out when the support laadssummed. It was also noted
that the data logger was a multiplexing device tixas operating at 100 Hz (NB only
10 gauges could be recorded at any one time), fireréhe gauge forces will have
been recorded within 0.01 seconds of each othireitbest case (and 0.09 at worst).

The load measurement system itself will have hd@rting effect on oscillations of
the blocks and therefore the frequencies measured@ necessarily representative

of block oscillations in a fully unconstrained srst

The load measuring system was capable of measupify forces. As the bridge
amplifier was adjusted to zero at the start of each there was effectively a preload
of the submerged weight of the block and its cohingaods already on the gauge.
This meant that the 3mm diameter connecting rodidxet the concrete block and the
gauge bar would not go into compression until thenserged weight of the block and
its connection rods had been exceeded by the @imide. In many of the test runs this
was actually the case and the connecting rod pr@agshble of transferring the,
relatively small, compressive loads into the gaagd the readings remained valid.
The threaded connecting rods had been securee tgatige bars using nuts on either
side of the steel plate and it was noted duringldinger runs that these nuts had a
tendency to slacken off due to the vibration. sTkwas prevented by using a

‘Locktite’ compound on the threads of the connegtiod.

Examples of the force oscillations are shown orRigere 62 and Figure 63.
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Figure 62: Single load gauge reading on block 2 RW2 Load gauge 4)

Figure 62 shows the readings from a single loadgygamhich is supporting half of
block 2. In Figure 63, which is for the same rthre total block loads are shown, in
this case the simultaneous readings from both ¢@ajes have been summed to give
the total block load at a particular instant. T$h®ws that the same block experiences
an uplift force during several instances duringriime However this is very small and

does not approach the submerged weight of the block
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Figure 63: Block loads v time for multiple blocks(Run 2 Block Loads)

In Figure 64 the same scenario is illustrated,caigh this time as the load gauges on
a single block. Here it is clear that the upldtdes are sufficient to cause ejection of
the block. The graph also illustrates that whike tingh frequency oscillations that are
occurring on the individual load gauges are notplrase and do not show any
significant correlation, this is not the case witle secondary frequencies which are

occurring and these are discussed below.
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Figure 64: Gauge loads v time single block (Run 22

In addition to the 2-6Hz frequencies noted on tlueks it is clear from the graphs
that there are lower secondary frequency osciltgtioccurring to the blocks. This
effect has been illustrated on some of the outpuarmlysing the data using rolling
averages. An example is shown in Figure 65. Thisase evident in the multiple

blocks but can also be observed on the single eeknples and is more noticeable
on the higher jet flows. These low frequency oatitins have a period of oscillation
of between 12 and 20 seconds and are not preseatl ¢dhe test runs. The most

probable cause is pressure fluctuations in the lobdyater underneath the blocks.

To verify this hypothesis requires more data tlsacurrently available from this set of
tests. It would require better instrumentation fibe pressure recording and

continuous logging of these pressures.
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Figure 65: lllustration of secondary graph oscilléions for a load v time (Run 3
gauge 5 including a 10 period moving average)

When the model blocks are put in close proximityere though not physically
connected to each other, the oscillating forcesgaeatly reduced. The experiments
show the maximum forces are around 5% to 10% dethmccurring on an isolated
block which is much greater than can be explainggubt the shielding effect that
adjacent blocks will have on the jet flows. Thectoreduction is most probably due to

two effects:

1. The close proximity of the blocks will limit the kone of jet flow
penetrating beneath the layer and hence the dynamEssures on the
underside of the blocks will be reduced.

2. The horizontal component of the jet flow will imm@oa lateral force on the
top of the blocks due to boundary layer forces faooh direct impact on the
sides of any blocks that are raised above adjamsed (Carling et al., 2002).
This will generate an effective prestress forcenveen the individual block
units and allow shear transfer between the blockating a load shearing
system into the model blocks ‘down stream’ of tosvf(see Figure 66) . This

is illustrated during some of the runs where thare almost no load
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oscillations recorded on certain blocks. In the elo@st carried out this

allowed load transfer into sets of block and thebse platform that were not

instrumented.
Dynamic
displacement
. Prestress of blocks
?;acztlon developed increases
rovided b between lateral force
P y individual block Lateral force from Jet fi
seabed ; - d et flow
frame units allows jet imposed on | \
shear transfer blocks ¥ 4

Al
SRR
ST e A L= = i
N (o - e .
Tl e e e < =
-, . :-N- . 3 .".1-‘« = e

Figure 66: Load transfer mechanism between blocks

8.3 Jet velocity

As would be expected, the force on the blocks esxd as the jet velocity increased.

The minimum forces mirrored that of the maximuncéor
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Figure 67: Block Force vs. jet velocity

The maximum, mean and minimum forces for both tttevidual support loads and
the total support loads for the block have beerttgdo This approach of using
maximum figures from the apparently ‘noisy’ sigfram the load gauges is similar to
that used by other researchers ( (Bollaert & Sehk|e2001), (Caroni et al., 2002)
(Melo, 2002)). The maximum and minimum values othegupport have similar

trends with the mean value of the force remainieigtively constant. The forces
varied considerably across the length of the bloek adjacent gauges having
notably different readings at any instant in tirlmethis regard it is apparent from the
visual observations during the tests, that the flegime in the area of the block was
highly turbulent and as a consequence the forcesacillation frequencies on either
end of the block were different. This is to be etpd in the highly turbulent flow

regime that is present. The results show that niceeased flow rate on the jet is
significantly increasing the force fluctuations @amnd the blocks whilst the mean force
value is not varying appreciably, which again wouldd expected for a highly

turbulent flow.
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The previous work on scour has concentrated opridiction of the potential
scour hole that would develop as a result of ardieghglow (from fluvial currents,
acceleration effects or dam spillway jets). In ttése the displacing flows have been
occurring on relatively small and numerous particknere the behaviour is more like
a dense viscous fluid. In this work the concerricigdentify the free body forces
occurring on the large, relatively discrete, scpratection blocks. Therefore it is not
considered appropriate to follow the same appraechhe previous researchers on
scour affects from current flows. The work carri@at on tailwater jets from dam
spillways are more representative of the mechanisrwved in this work and have
been used as a basis for this work. It should lwegmsed that the spillway jet
velocities are considerably greater than those ffetifor this study, typically 10ns
to 30ms' (model velocities).

An examination of the problem from first principl@sould suggest that there are

potentially two primary effects that are potengiadkting on an individual block.
. Drag

e Pressure variations under and around the blockhmsult from the
jet flow penetrating between and under the armay.

The influence of each of the above will vary grngdtlr a given block depending on
its location relative to the jet stream and thexpmity of the adjacent blocks. In this
case, with the very high Reynolds numbers assatiaith these flows, it is likely the

form drag is virtually zero and that the pressusgdoefficient is less than unity. The
small variation in mean force acting on the modetk as shown in Figure 67 also

suggests that drag forces are very low.

In all cases the principle of energy conservatian be applied, which means the jet
energy cannot be lost and has to be absorbed wectsti by the scour protection

system and the underlying seabed.

120



Chapter 8 DISCUSSION OF MODEL TEST RESULTS

8.4 Air entrainment

When air was introduced into the flow at low jetesg this reduced the block forces
by around 20% to 30%, until the percentage of atragned reached 20%. At this
figure, there was little change in block forcesrewehen more air was introduced. As
the jet velocities increased the effect of theemitrainment diminished. However the
threshold, at which the air entrainment ceasedfextathe flow, increased and at the
highest flows the initial introduction of air gaweslight increase in the maximum
block loads, but more importantly gave a reductioithe negative (or uplift forces)

on the blocks.
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Figure 68: Air entrainment v force for 1.46 m/s j¢ flow
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Figure 69: Air entrainment v force for 2.00 ms' jet flow
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Figure 70: Air entrainment v force for 2.49 m/s j¢ flow
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If the same data is analysed in terms of the rasfg®rce oscillations (where the
range is the difference between the maximum andnmoim force for each gauge or
gauge combination) the effects of the air entraimmege more uniform. These are

illustrated in

Figure 71, Figure 72 and Figure.7e use of the force range is useful as it more
clearly displays the jet energy acting on the bdépand other researchers have used
pressure range for the same reason (Bollaert, 2002)

Force range v Air entrainment
Jet flow 1.46 m/s
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100 +
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0 10 20 30 40 50 60 70 80
% air entrainment

Figure 71: Air entrainment v force range for 1.46m/s jet flow
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Figure 72: Air entrainment v force range for 2.00m/s jet flow
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Figure 73: Air entrainment v force range for 2.49m/s jet flow
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8.5 Static Pressures

A particular problem highlighted from this work ithe measurement of high
frequency oscillations (particularly underwaterheTuse of air tubes for measuring
pressure variations is only effective for staticvery low frequencies since the air
column between the end of the pressure pipe angrdssure will attenuate any high
frequency oscillations. It is clear that more exgea diaphragm pressure sensors are

required to measure these effects.

The pressure readings obtained during the expetatien are included in the
appendices, and the position of the pressure intakkown in Figure 47. The results
showed a pressure increase beneath the blocks-e#R0millibars with the higher jet
flows. This pressure varied according to the positf the pitot tube although there
was a noticeable pressure increase in the tubeebaemmediately in front of the

neoprene strip used as the seal between the twaspla
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Figure 74: Static pressure reading v jet flow withno air entrainment
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Figure 75: Static pressure readings v jet flow wit air entrainment

Following the initial set of tests where the ocemce of high frequency oscillation of
the blocks was found, further literature searchesevcarried out to review whether
there was equipment available to measure high émoy pressure variations along
with the water velocity and how these were undemaknderwater. This problem has
been identified in wind tunnel experimentation. Gesl have had to be produced so
that a multi-faceted pressure transducer can bentadudirectly in the airflow in
order to enable direct pressure measurements tmdertaken and the air velocity to
be directly computed. At the time of this work, gheminiature gauges were not
available for use underwater, and the only gaugesadble were too large to use in
this work. In any further work it is recommendedattthigh frequency pressure

transducers are used for any pressure measurements.
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Chapter 9

DISCUSSION ON THE SCOUR
PROTECTION SYSTEM

9.1 Introduction

The model test data and the full scale prototypecatie Harbour have demonstrated
the potential failure mechanisms of the scour mtaia system. The combination of
the full scale testing and model testing has predid unique insight into potential

modes of failure.

At the outset of the project it was anticipatedt thewen the ability to predict the

stability of the blocks under a given jet velocityuld enable a prescribed solution
for the size and spacing of the armour blocks. Wbek has identified the modes of
potential failure and a critical long term effebat may have a direct impact on the

future design of quay walls.
The following failure modes for the scour protentgystem have been identified:

* Block ejection

Block migration

Fatigue failure of the block connections

Fretting failure of the filter membrane

With regard to the work at Poole Harbour, a rev@the survey results showed that
the scour protection system became buried benbkatbriginal founding level and it

is likely that the mechanism for burial was partiguefaction of the seabed due to
raised pore pressures in the sand. If this is ptdeebe the case then the design

criteria for sheet pile walls subject to propebeiet scour may have to be revised.
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9.2 Block ejection
There are two type of failure due to block ejectilbat can occur,

» Ejection of an individual block within the impingemt area of the jet. (see
Figure 10 for the jet dispersion zone)

» Ejection of blocks from outside the jet impingemeone

Individual block ejection (jet impingement area)

From the model testing the forces on the blockseduly the pressure variations in
the turbulent flow have the potential to causeansbr progressive ejection of
individual blocks. The use of a continuous intersected blanket of shaped blocks
reduces the transient forces on the individualkddzy between 10 and 50 times
compared to those experienced by a loose laid gifotesystem.

The use of the interconnecting cables on the grotiptocks (as used at Poole
harbour) is essential to prevent block displaceraedtejection, but these cables need
to be designed to resist greater forces than @iigienvisaged and to cope with
fretting and cyclic loading. The cyclic loading tegement will involve reducing the
design stresses in the cables to around 50% ohtdratally used and the cable will
also have to sustain the block loads when actiregGenary support over seabed
depressions or soft spots. Consideration will &lsoequired to incorporating some
pre-stress into the connecting cables to limitlallogk displacement and to provide

shear transfer between blocks.

129



Chapter 9.DISCUSSION ON THE SCOUR PROTECTION SYSTEMS

Block Ejection (outside jet impingement area)

Where the jet flows impinge on the seabed ther¢ lval some flow between the
blocks to the seabed. This flow will be dependenthe voids between the blocks, the
jet velocity and the extent of voiding present untlee blocks and the seabed
permeability. The seabed beneath the scour sysitibeanundulating as shown in the

diagram and so the nature and extent of any veidspredictable.

If there is sufficient dispersion and venting bistflow then it will not result in a
significant pressure increase beneath the blockweder if the flows are not
adequately dispersed there is the potential foinarease in pressure between the
seabed and the underside of the blocks. This meshacan be considered to be
similar to an open ended pitot tube being placedljet flow. If the pitot tube is sealed
the air will enter the tube until pressure in thbea matches the dynamic pressure of
the flow. If the tube has a small hole then theillebe a pressure increase in the tube
until dynamic equilibrium is achieved and the inflonatches the outflow. In the case
of the prototype this effect is shown schematicallyFigure 76 and a more detailed

diagram of the model failure is shown in Figure 78

Seabed void under

Water flow into concrete blocks
substrata

Jet impingement area
Water inflow between blocks
T
| |
\

AL

W//\\\’_/\\‘J/

Water outflow
from between
blocks

Figure 76: Schematic diagram showing mechanism fqrotential pressure
increase beneath concrete blocks
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Where the scour protection is subject to the jgtimgement then the overall force
from the jet on the block groups will be greatearthany uplift pressure generated
under the blocks. Where blocks lie outside the ngpment area, this is not the case

and the potential for ejection of blocks due t® ghiessure arises.

It is believed that this mechanism was the caugbefailure of the scour protection
system used at Portsmouth ferry Port.

During the first phase of the experimentation (Ri)irthe jet speed was modelled at
the rate of 15.6 nis(Prototype velocity) and this caused catastrofiicre of the
multiple block set to the side of the model outdige jet impingement area (the full
description of the event is given in the detailad results which are appended). Of
particular interest was the instantaneous natutbeofailure and the subsequent effect
on the adjacent blocks. The graph showing the bloakls against time is shown in
Figure 77. The occurrence of raised pressures uhddrlocks was confirmed by the
pitot tube readings. These also showed that ati@ari@f these pressures occurred
around the point of jet impact although there wesufficient data to plot pressure

contours.

This was the only occurrence during the whole pestedure where the failure of the
blocks occurred. With the experimental setup uplgsical failure during the testing
was not expected due to the restraint being proviae the load measurement and
block support system and sufficient force was gateer during the test run to not only
overcome the submerged weight of the test blocksalso the weight and buckling
load of the support rods . It should be noted thattests carried out on the single
blocks were such that this mode of failure coultlsensibly occur as the block being
measured was unconstrained and was not locatethwitiroup of blocks from which

it could be ejected.
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Run 1 Load gauge 3
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Figure 77: Showing the load gauge readings befoend after the ejection of an
adjacent block set

In the case of run 1, a complete set of blocks eyasted from the test model. These
blocks lay outside the jet footprint and the caokéheir failure resulted from raised
pressures and accompanying water flows as a reftite jet infiltrating under the

blocks. The process is illustrated in Figure 78
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Jet flow path

Jet flow infiltrates
between blocks

Raised pressure

causes flow under
Inflow raises blocks and
;\ pressure under outflows
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Figure 78: lllustrating mechanism for uplift pressures on blocks

It is to be anticipated that the infiltration flowgll be accompanied by water flows
beneath the blocks and exfiltration flow which webukéduce the pressure. In the case
of no exfiltration occurring, the uplift pressurergerated by the jet flow is not reduced
and it is therefore possible to calculate the maxmpossible value. The dynamic

pressure from the jet is given by:

Py =20V Equation 17
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Where:
P, = dynamic pressure
pw = density of water

vV = jet velocity

Using equation 17, the maximum potential pressfroea this mechanism are shown
in Figure 79. Also included are the minimum pressuequired to cause uplift of the
model block for various thicknesses. Potentidufai(i.e. when uplift pressure equals
the block weight) cannot occur below these val&es.20mm thick blocks a jet flow
of greater than 0.75rtsand above would be required for failure, whilsttlee 30mm
thick blocks flows of greater than 0.9™would be required. From the test, the
blocks were shown to be stable up to flows of 2.49mhich shows that the outflow

of water from beneath the blocks was (as expecestlicing the pressure.

Maximum pressure under blocks v Jet Velocity

0.018
0.016 1 /
0.014

0.012

N
£
§ 0.01 —&— Dynamic jet pressure
c —=— Displacement pressure 20mm blocks
g / Displacement pressure 30mm blocks
& 0.008 Displacement pressure 40mm blocks
& /

0.006

0.004

0.002
-

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Jet velocity ms-1

Figure 79: Showing maximum pressure under blockssaa result of jet flow
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From this it is possible to develop an equatioatiedj the jet velocity to the concrete
block depth required for stability against blocleatjon. If the pressure beneath the

blocks is given by:

P, = Rp(%pwvz) cttireiinineen.. EqQuation 18
Where
Pu.b = Pressure beneath the blocks

R, = Pressure reduction coefficient which is a fumectiof (Exfiltration Rate/

Infiltration rate)

And for stability the following must be true:

P, < (o.-p,)gh ....................Equation 19
Where:

pc = Density of the concrete blocks

Therefore:
R (to?) < (o.-p.)oh
So this can be rewritten as:

. = p.,)gh

........................... Equation 20
050,R,

The minimum theoretical failure pressure of thech# (from Figure 79) was
0.004N/mni and the jet pressure at a model speed of 3:bwas 0.045NmM The
model blocks were stable during all other jet ruith jet speeds of up to 2.47 ths
(Jet pressure of 0.030NnM

Taking these values and using equation 20 givasesdior R, of 0.091 at the failure
(run 2, model test failure criteria) and 0.133 foe maximum jet flows used in the

model where failure did not occur (model test sstgg criteria).
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From the prototype test at Poole Harbour the 60Cieep blocks are known to be
stable under jet flows of 10 Mgwhich would equate to a model jet flow of 2.24ns
and an equivalent model jet pressure of 0.025Ninrthis gives anR, of 0.16.
Therefore taking these values Ry, jet flows can be plotted against block thickness
to show the conditions from the model tests anddlmmpared with the blocks used

at Poole Harbour (Figure 80).
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Figure 80: Required concrete block thicknesses fa given jet flow (Prototype)

It can be seen from Figure 80 that the stable ¢mmdi in both the model and
prototype are similar and that the block thicknesssed at Poole Harbour would

appear to provide a sensible factor of safety agdalure.

It should be noted that this approach would only&led for high jet flows where the
Reynolds number is high and where the coefficiérdrag is dominated by pressure

drag and not profile drag.

The above formula could be modified to take intocamt air entrainment. This would

involve the substitution gdy by pwe Which would be the equivalent density of the air
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entrained water. The percentage of air in the wpers likely to have changed
considerably from the time it left the jet nozztewhen it is dispersed beneath the

blocks so this modification was considered inappete without further data.

The above discussion does not take into accountfiltee layer used in scour
protection works but it is clear that if this layierof low permeability and becomes
damaged in the area of jet impingement then jevdipenetrating under this layer

could cause uplift of the concrete blocks due strigting the outflow.

9.3 Block migration and movement

Movement of the concrete blocks across the sealsdnated at Poole Harbour. The
likely mechanism for this movement is describedibel

The water jet from the ferries impacts the sealtdibaveen 40 and 60 degrees to the
horizontal. A jet will therefore have both a vedli@and horizontal component. If the
blocks were laid in a uniform horizontal plane jeeflow would only generate small
horizontal force on the blocks, however the seakidde uneven and this will allow
adjacent blocks to be at varying levels. At Podle tvorst case recorded was a
150mm high projecting face. Jet impingement on ghgjecting face will cause a
lateral force to be imparted to the block (Carletgal., 2002). This process may also
occur dynamically as the fluctuating vertical fome the blocks causes them to move
vertically relative to the adjacent blocks.

This lateral load will be resisted by the frictibetween the block and the filter layer
and by the interaction with the adjacent blocksadidition the friction force between
the blocks and the filter layer will vary due teethertical force fluctuations affecting
the normal contact force. In the case of Poole blarlit was found that there were
gaps between the blocks and the interconnectioeswitere in some cases sufficiently
slack to allow small movements of individual blodksoccur. This would allow the
block migration to occur by a shuffling movement tbe individual blocks. The

situation would become significantly worse if tleabed was sloping.
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The jet flows will also cause local changes to pploee pressure in the seabed strata,
and an increase in soil pore pressures will recudlestrength and may give rise to

lateral movement of the filter layer along with thleck.

It is therefore of interest to deduce the forceguned to initiate the failure and to
examine the forces required to displace a singbekhleven if it is restrained from
ejection. The oscillating loads on the blocks mélast any forces are transitory,
therefore single block forces must be considered¢ambination with the time of
application of the load. This approach is a crudalysis using the equations of
motion based upon constant force which is cleaditrue in this case but they do
provide indicative figures. Whilst these could bedified by integrating the force
over the time period being measured at this staigestas not considered appropriate,
however this might be a useful approach in theréutih the forces were being

numerically modelled using CFD methods. These uare shown in Figure 81.

For a block initially at rest, it is required to liéed to the height of the adjacent block
for ejection to occur, therefore assuming consaaneleration:

at®
szut+—
2

Where

€ = Height of adjacent blocks

u = Initial velocity (zero in this case)

t = time of application of the ejection force

a = acceleration of the block

In combination with the equation

F =ma
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F = net uplift force on block

m = mass of block

This can be rewritten as;

Ft?
2m

Therefore in the case of the model blocks
S = (0.03 metres
m = 194 grams

F = total uplift force - submerged weight of block
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Time/ force curves for model block ejection
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Figure 81: Time v force to achieve ejection of btk

Figure 81 shows that for the model to achieve ceiteptjection of the blocks a force
of 50N would have to be sustained for 0.6 secomd$00N for 0.4 seconds. This
demonstrates that the system can sustain verythragisient loads for brief periods
without failure. Based on the experimental datanehbe typical load frequencies on
the blocks were around 5Hz this would suggest éhatansient load of 50N at this
frequency would only lift the block 8mm. However @vhconsidered in conjunction
with the work by (Carling et al., 2002) where thiedx would be held in its new
position by the lateral loads from the jet, it das seen that progressive ejection of
individual blocks can occur. It is interesting tota that this mode of failure is also
likely to be occurring on the dam spillway erosiwhere the transient frequencies of
pressure are very high (around 20 — 100Hz) so tleegg during each transient is
insufficient to cause complete ejection of a largek, but successive events will

cause failure.

Where the block experiences an upward movementilitlese contact with the

geotextile and therefore have no resistance tadat@movement. In addition, the
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movement will cause fretting against the geotexdid dynamic loading of the block
connection wire. It is not considered economic tovjgle blocks that have sufficient
mass to resist all movement but this does provideesdata to calculate the number
of load cycles that are likely to occur within tbennection wire and fretting cycles
for the geotextile. In addition with the energy yoed by the jet compared to that
required to eject a single block, it clearly indes the high risk of failure if

unconnected blocks are used.

Examination of the load time graphs suggests thagative load event sufficient to
cause upward movement of half the block is occgrance every 15 to 25 seconds.
The likely number of fretting and fatigue cycles the connection wire and geotextile

are:

Number of vessel movements perday = 2

Duration of jet operations during berthing openasio = 10 minutes

Number of operations per year =2 x 240 = 480

Frequency of model block movement = 4 per minute

Therefore time scaling according to Froude givesatotype block

movement of 4.472 which equate to 0.9 movementsnpaute

For a 10 year design life total number of cycles

480 x 10 x 10 x 0.9 = 43200
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Therefore a design requirement of 50,000 cyclestlier fretting of the geotextile
would appear appropriate and a similar figure cdutdadopted for the connection

wire.

9.4 Fatigue failure of the filter membrane

Following the model testing the full scale trialRdole Harbour was inspected and the
appreciation of the force oscillations that weresgnt meant that a detailed inspection
of the geotextile membrane was carried out to checketting. This was found to be
present in a number of locations and can now bsidered to be a failure mechanism
that needs to be addressed in any design solutloh.only will the geotextile be
subject to abrasion by the oscillation of the ceteiblocks but it will itself be subject
to fatigue due to oscillating movement of the gertle where it is not trapped
between the seabed and block. This condition veitluo in many areas both between

and under blocks due to slight undulations in #ehed.

The likely number of cycles required from the gette is calculated below

Number of vessel movements perday = 2

Duration of jet operations during berthing openasio = 10 minutes

Number of operations per year =2 x 240 =480

Frequency of oscillation of fabric = (5/4.472) Hz

For a 10 year design life total number of cycles

480 x 10 x 10 x 60 x 1.1 = 3.22 million
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Chapter 10
CONCLUSIONS

10.1 General comments

The review of current literature and the resulwnfrthe works at Poole Harbour
clearly show that current design approaches foursguotection systems are not
appropriate when dealing with manoeuvring areasdigh Speed Ships. It should be
noted that scour protection will normally be regdion existing berths that are being

adopted to take high speed ferries.

The works at Poole have shown that a loose laik smour protection system is
inappropriate for High Speed Ships. The existirggigh formulae for Rip Rap
protection are not appropriate for the design fl@associated with the water jets from
high speed ferries, and unless the natural strat@ompetent rock then scour
protection will be required around vulnerable stuwes. This also needs to be
considered where HSS are berthing adjacent to @ied structures for both the
potential affect on the piles and the possible s@dlany revetment slope under the

structure

The model tests have shown that the jet flows causighly oscillating force on the
blocks with isolated peak force events that megnsystem designed on the basis of
isolated blocks is either going to be extremelyemgive or have a high probability

failure.

During the initial phases and monitoring at Pookrlsdur an instance was recorded,
during a single berthing operation, where the fietsn the HSS caused a 5 metre deep
hole to be formed in an unprotected area of seabethis case the scour area was

distant from the quay wall and was rapidly refillegg sand accretion. The event
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illustrated the potential both for catastrophiduies and for the potential long term
instability of a quay wall that could arise frornamber of smaller scour events. The
design of cantilever sheet piled walls relies oe flassive soil pressure on the
seaward side of the wall. Where undisturbed sofiresent the design parameter for
passive earth pressure will be used. In the evkat stour hole forming and being
refilled this factor is no longer valid and the ffaent for active earth pressure
would be more appropriate which would reduce theebeial effect of the earth

pressure by a factor of between 6 and 10 (see Table

The effect of the water jet on the seabed stratanb&been investigated as part of this
work however some of the movement recorded at PHaldour suggests that the
water jet has caused short term highly elevatedpsoe pressures, which has allowed
burial of the scour armour layer. The implicatiasfsthis may prove serious for the

long term stability of quay walls. This is discudse greater detail in Chapter 2.

The most appropriate scour protection will be a tayer system comprising, a filter
blanket protected by an armour layer. Typically fitter layer will be a geotextile
which, for a given natural strata, is relativelgg#o design and construct.

10.2 Filter Layer
The requirements of the filter layer are
» It should prevent migration of the natural strata
« Have sufficient porosity to prevent build up offdiential pressures.

» Have sufficient abrasion resistance to particleadnéd water flows from the

jets

» Have sufficient abrasion resistance against frgtttovement from the armour

blocks

* Provide an appropriate coefficient of friction teepent sliding of the armour

blocks
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* Due to the high frequency oscillations in flowstthal occur in the vicinity of
the membrane it will need to have a high resistaadatigue failure resulting

from cyclic movement

10.3 Armour layer

At the outset of this project it was clear that tbeces generated on the seabed by
water jets were not catered for by current desigctice and that this was giving rise
to failures of scour protection systems. The maests have shown that the resultant

forces on the scour protection system is a highlyable oscillating flow.

The linked concrete block system that was useth@sitmour layer at Poole Harbour
has been capable of sustaining the jet flows froenHSS but the subsequent checks

carried out on the system have highlighted a nurabdeficiencies.

The critical failure mode for the connected armbiocks is ejection of the block
group. This is caused by raised water pressuredberiee blocks due to the pressure
and volume of water from the jet which penetratesvieen the blocks. This effect is
dependent on a number of variables but for the wdthén Poole Harbour, where the
seabed is a non cohesive sand, a formula has besosed to determine the
minimum thickness of the concrete blocks for a gijet flow. The tentative
relationship between block thickness and jet flewderived in chapter 8 and shown in

Figure 80, which is reproduced here as Figure 82.
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Figure 82: Required concrete block thicknesses fa given jet flow

The curves on the graph represent the designieritesed at Poole Harbour, where the
protection blocks have been in place for 7 yeduws stable flow state from the model
testing and the model failure line. It is not apprate to use this curve for design
since considerably more testing and verificatioruldde required to gain confidence
in the figures. It does however provide an indmwatof the expected criteria for a

stable armour layer.

A number of secondary problems were encountered thig armour blocks used at

Poole Harbour:

e The block oscillations caused fretting and failofehe cables connecting the
armour blocks

* The interface between the quay wall and the bldeed on a number of

occasions and had to be reconstructed.
* From the model testing it is clear that the coningctables for the armour

blocks should be designed to sustain catenary Ifraas the block group.
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FUTURE WORK

This work has been undertaken without the benéfirevious research and although
a much greater understanding of the subject hagabed there is still a need for

further work to be carried out to develop a mormptete understanding.

The work to date has identified the potential moofefilure of the armour layer and
a further series of tests and investigations coold be undertaken to fully investigate

each mode of failure.

The area of particular concern encountered duhigywork was the potential for the
water jets to raise the pore pressure within thebeé strata. This is an area that
requires urgent investigation. The results froms thiork may have a significant
impact on both the design and appraisal of quayswéhe primary requirement is to
establish the depth and extent of pore pressuragesawithin non cohesive strata

subject to jet impingement.

The model testing as carried out to date need® teepeated using a range of block
thicknesses, varying jet speeds and jet anglegiiéyvhe failure criteria. The use of
high frequency data logging for both the loads gmdssures is essential, and
recording pressure variations to correlate with fitvee variations is desirable. For
more advance work the armour layer needs to be lhedde the vicinity of the quay

wall.

Ideally remote logging equipment could be builtoirtome of the prototype blocks
used at Poole Harbour in order to gain numericéd ta provide a comparison with

the model test results.
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MODEL TEST RESULTS

INTRODUCTION

The parameters of each test run are shown in tigolifarm in this appendix and a brief
commentary is included on each run where appr@pnegntioning any pertinent

observations made during the test run

TEST RESULTS

RUN 01

This run was carried out primarily as an initiagdtteo check the equipment behaviour.
The jet unit was run at higher speed than the gjules¥ runs and the effects produced
proved sufficiently interesting to include this reithin the experimental data. The run

parameters are tabulated below.

Run No 1
Jet Angle 60 degrees to horizontal
Jet velocity 3 mi$(prototype 16.29mY

Air Flow 0

Seabed LocationUp
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Gauge
Positions

Gauge 8
Gauge 14
Gauge 7
Gauge 13 W » / g
Gauge 12 . Gauge 6
oA s
Gauge 11 » <« Gauge 5
d A
b 4
Gauge 10 Gauge 4
Gauge 9 Gauge 3
Jet Flow
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Jet

footprint

Jet
footprint

|- onto
blocks

Shaded blocks are
interconnected un-
shaded are individually Jet Flow
supported

Comments| The test was carried out with the bloektalled as groups with the centrg

group of blocks being individually supported and¢d@mected to the

adjacent block

The pump was run at high speed for several minuiéis the load gauges
reading continuously at the rate of 10 times peosd. At time reference 1969
as illustrated on the graph below (halfway throtigé test run) the left hand
group of blocks that were not instrumented weretege from the cutout in the
upper plate. This left the instrumented blocks Viite water on their left hand
side. The load time graphs for two of the gaugesshown below and the point

of failure is clearly identified by the jump in th@ad readings at time 200 secs.
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Run 1 Analysis

Load gauge 3
25.00

20.00 ¢

15.00

Newtins
(]
o

[an]
o

o Forcein

(=]
o

-5.00

Time (secs)

Following the ejection of the adjacent blocks ihdze seen there is around a
three fold increase in the forces acting on theaiemg blocks. The ejection of
the set of blocks was observed as being almosniteteous, and there were no
visual indications that failure was about to ocdemllowing the run the tank

was drained and the position of the ejected blatkphotographed as shown
below
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Photograph showing the ejected block set follovtexy run 1

RUN 02
Run No 2
Jet Angle | 60 degrees to horizontal
Jet 1 ms' (prototype 4.46 mY
velocity
Air Flow 0
Seabed Up
Location
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Gauge

Positions

Gauge 8
Gauge 14
Gauge 7
Gauge 13 ul » / g
Gauge 12 Gauge 6
A A
A s
Gauge 11 > < Gauge 5
4 A
b 4
Gauge 10 Gauge 4
Gauge 9 Gauge 3
Jet Flow
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Jet

footprint

Jet
footprint

| onto
blocks

Shaded blocks are
interconnected un-
shaded are individually Jet Flow
supported

Comments| The test was carried out with the blooktalled as groups with the centre
group of blocks being individually supported anc¢doamected to the
adjacent blocks After start up the pump was rurséseral minutes to alloyw

entrained air to be ejected from the pump system

The forces measured on the blocks with this le¥@tdlow were found to be very small
on block 1 (which was only subject to a small ai@atprint from the jet) although the
maximum loads were found to be considerably latgen the mean. At these low flows
the block appeared to stay in contact with eackrditr most of the time but comparison
between the graphs for gauges 3 and 9 shows howighiehand end of the block is

undergoing significantly more movement than thé hefind end which probably reflects
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the contact points of this block onto the adjadsoctk is primarily at the left hand side. It
is also apparent that the areas outside and upswéthe jet footprint are subject to very
little force. The load time graph for gauges 3 @rate shown below

Run 2 Analysis
Load gauge 3

g

010 T R YA T T

Forcein N

0.05

0.00 T T T T
0 10 20 30 40 50

Time (secs)

Run 2 Analysis
Load gauge 9
0.25

0.20
0.15
0.10 * A *

0.05 -
0.00 1 hadi M 1

0.05 | BT, 1
-0.10 1]
-0.15

-0.20 -
-0.25

Forcein N

0 10 20 30 40 50
Time ( sec)
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The net force on the block can be illustrated bgiragl the readings from gauges 3 and 9
for each identical time period. When the globatés on the block is examined the range
of force does not change significantly from thatgauge 9 but the maximum downward
force on the block shows a slight increase. Thelyd this is shown below

Secondary
force
oscillation

Run 2 Analysis
Block 1 loads /
0.40

0.35 r /
0.30 * /
0.95 > *» * 'S /
0.20 1 : //

O. 1 5 4 = 4 & p

0.10 +4 4 L3

0.05 e} ¢ o1t
0.00

-0.05 -
-0.10
015

ForceinN

C 10 20 30 40 50

Time (secs)

When a similar process is carried out on all thegga then a comparative load time plot
can be made on adjacent blocks. This shows thak®Id and 3 are subject to the main
loads from the jet and they have a high frequdooye variation of around 1- 3 Hz but
also there appears to be a secondary much slowélatisn occurring, this has been
highlighted in red on the load time plot. The adjsicblocks are also displaying this

secondary oscillation and are all in phase with anether this is shown on the graph
below.
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Run 2 Analysis

Block Loads
1.5
}' . [ ] I { J ——Block
1 WH-T ‘i H T T{HT | » Tﬂ'h- . l“ "T 1 1
E | IVMIM[MH “+IT| L!t l 'L{IL‘I:‘F hllﬁ -..H': TM" ﬂ” " lﬁT{’ 1 "'1'}' |||T|' +EIOCK
= LT RO L4 1 AN ,a., J- '_.'*_'_‘! v
§ 0.5 —T'l;lil l'llllli#k- I..i TI*I tl,ﬁlrf , 'il-llll h' 1,&‘]:*. J,L 1 11 |4 I‘I !l || glock
0 ..,-‘ Jrhl “J..m-. LIl .1 tl lm..m .l',.__JL.H'!Hl. |'|iL m. bald
-0.5
0 10 20 30 40 50
Time (secs)
RUN 03

Run 3 was a sequential part of a run that includetruns 2-5 In this case the jet speed
has been increased to model the normal jet spegulitoly the high speed catamaran
during berthing operations

Run No 3

Jet Angle | 60 degrees to horizontal

Jet 2.49 m§ (prototype 11.31m3
velocity
AirFlow |0
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Seabed Up
Location
Gauge
Positions
Gauge 8
Gauge 14
Gauge 7
Gauge 13 l » P g
Gauge 12 Gauge 6
A A
1\ s
Gauge 11 > < Gauge 5
4 A
vl
Gauge 10 Gauge 4
Gauge 9 I Gauge 3
Jet Flow
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Jet

footprint

Jet
footprint

| onto
blocks

Shaded blocks are
interconnected un-
shaded are individually Jet Flow
supported

Comments| The test was carried out with the bloek&alled as groups with the centre
group of blocks being individually supported andoamected to the
adjacent blocks This is one in a sequence of testsins 2-5 Some of the
load gauges failed to respond at the start ofrtinsand these have been
omitted from the output data.

Since some of the gauges did not respond durirg riim the is a limited data set
available. Therefore load gauge 3 and load gaudatd has been examined in isolation
for blocks 1 and 2, as with the previous runs it ba seen that there is a secondary force
oscillation occurring on the blocks and these amslar for all the blocks. Of further
interest is the magnitude of the peak forces whiehat least three times greater than the

‘normal forces’
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ForceinN

LoadinN

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00
-0.20
-0.40

0.50

0.40

0.30

0.10

0.00

-0.10

Run 3 Analysis Gauge 3

+
TS ° T? +
><|
[ X 3 1
+
1 4 , ¢
1 s L 4 T
T ﬂ” + ¢ »
50 100 150 200 250 300

Time (sec)

Run 3 Analysis Gauge 4

350

T ]
!-n- iy |
ol L1
[T NI, T "
: ﬂ" NI |

50 100 15C 200 250 300

Time (sec)
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Run 3 Analysis
Block 3

LoadinN

0 50 100 15C 200 250 300 350

Time (sec)

RUN 04

Run No 4

Jet Angle | 60 degrees to horizontal

Jet 2.49 m§ (prototype 11.31m3
velocity

Air Flow | 7%

Seabed Up

Location
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Gauge
Positions
G 14 Gauge 8
auge
g N
Gauge 7
Gauge 13 N ul » / g
Gauge 12 Gauge 6
A A
'\ s
Gauge 11 > < Gauge 5
Ly A
v
Gauge 10 Gauge 4
Gauge 9 d Gauge 3
Jet Flow
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Jet

footprint

Jet
footprint

|- onto
blocks

Shaded blocks atre

interconnected un-
shaded ate individually Jet Flow
supported

Comments The test was carried out with the blocks instaledjroups with the centre
group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testsns 2-5. The air valve

in this case was opened to create an air entrggnéow.

During this run there was very little load variatimoted on gauge 3 which can be
explained from the visual observations where thackh was seen to be touching the
adjacent blocks on the right hand side. Despite tbadings were still being obtained
from gauge 9 at the left hand end of the blockhlgduges did not provide the usual
negative ( or uplift force) oscillation that wasselved in all the other runs. It is therefore
suspected that this block was being restrainegiift wluring this run which has reduced

the apparent forces being displayed for this blddks can be readily seen on both the
load gauge and block load graphs below. The loagiem5 and 11 which were both on
block 3 were not providing any significant outputdathis problem continued for the
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remainder of the test runs and was found to betdwefailure of the bridge amplifier.
These gauges did however continue to give a reaofingpise through the system and

therefore their output has been included as a abctieck on the active gauges.

Run 4 Analysis
Gauge 3
1.60
L 2
1.40
1.20 > 1 ¢
p T
1.00 T
= 0.30 3
£ 4
E 0.60 < s *r® | ! h
! 0.40 * LN e :
0.20
0.00
0 120 240
Time (secs)
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Run 4 Analysis

Load gauge 11
1.00

0.co
357
-0.20
Time (secs)
Run 4 Analysis
Block Loads
2.00

Block 4
Block 3
—=— Block 2

=

c
o ——Block 1
M D ——————————

]

|

65
-1.00
Time (secs)
RUN 05
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Run No 5
Jet Angle | 60 degrees to horizontal
Jet 2.49 m§ (prototype 11.31m3
velocity
Air Flow |0
Seabed Up
Location
Gauge
Positions
G 14 Gauge 8
auge N
Gauge 13 N ul ” / Gauge 7
Gauge 12 Gauge 6
A A
1 |1
Gauge 11 > < Gauge 5
Ly aa
vl
Gauge 10 Gauge 4
Gauge 9 v Gauge 3

ﬁ Jet Flow
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Jet

footprint

Jet
footprint

|- onto
blocks

Shaded blocks are
interconnected un-
shaded are individually Jet Flow
supported

Comments The test was carried out with the blocks instadledjroups with the centre
group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testains 2-5.

As for the preceding runs the gauges to block idga 3 and 9) both appear not to be
displaying any uplift forces. The reasoning is faene as explained previously, gauges
10 and 4 behaved as expected. The block load fameshown below with block 1
forces being much lower than expected. Block $hmasng no force probably due to the
block being held against the adjacent blocks betrésults are interesting in so far as

they show the level of background noise is very.low
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Run § Analysis
Block loads

0 20 40 60 80 100 120
1.00 : : : : : 2.00
0.80
- 1.50
0.60 | Block 4
I : - 1.00
0.40 (N KX /Iy | T
‘ w | i |I ¥ ——Block 1
= 020 L ‘ il s il il 0.50
'_g Jtlng |I1f '| ,'I|I ]| b ]ith | |? 1 |lmﬁ “gi Block 2
0.00 '..| '.| i ! ) —=— Bloc
§ 1l ||| ' ||i' i '|‘L 'L i | il' 'IHILJIM' . #h L 0.00
-0.20 PrrrsE T T
0.50 Block 3
-0.40
-0.60 -1.00
0 20 40 60 80 100 120
Time (secs)
RUN 06

Run No 6

Jet Angle | 60 degrees to horizontal

Jet velocity| 1 ms” (prototype 4.46 m9

Air Flow 17%

Seabed Down
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Location

Gauge

Positions

Gauge 8
Gauge 14
Gauge 7
Gauge 13 ul » / g
Gauge 12 Gauge 6
A A
A L
Gauge 11 > < Gauge 5
d A
b 4
Gauge 10 Gauge 4
Gauge 9 Gauge 3
Jet Flow
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Jet

footprint

Jet
footprint

| onto
blocks

Shaded blocks are
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Comments| The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported andamected to the

adjacent blocks This is one in a sequence of testans 2-5.

In this run there were no significant force recarda blocks 1 and 3 and block 2 shows
the representative behaviour. With the low powethef pump on idle these results are
not unexpected and the block load graph shows riiedl $lock forces generated. The

shift in the block load shown around two thirdgloé way through the run is repeated on
the individual gauge plots for this block and isshbkely due to the block suddenly

moving position relative to the adjacent blocksaase following this the range of forces
involved does not vary greatly.
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Comments| The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported andamected to the
adjacent blocks This is one in a sequence of testans 6-9.

As with previous runs there was very little respofrom the load gauges on block 1 and
the load gauges on block 3 were similarly unrespensBlock 2 showed the main
response o the flows with very notable peak loauspared to the other blocks. As noted

in previous runs the secondary load oscillatioqdency was also observed
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Comments The test was carried out with the blocks instaledjroups with the centre
group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testsins 6-9.

In this run with the greater flow there was som&pomse from load gauge 3 on Block 1
but little from load gauge 9 an the same block. Tdels recorded on block 2 were
around eight times greater than block 1. On Bldclksd 3 again there was very little in

the way of uplift loads.
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Comments The test was carried out with the blocks instaledjroups with the centre
group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testsins 6-9.

The increased jet flow on this run gave rise tor@ater response from blocks 1 and 3
although as previously noted these were very mesé than those experienced by block
2. The individual load gauges for blocks 1 and 8imagave the impression that the load
oscillation was restrained.
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Comments The test was carried out with the blocks instaledjroups with the centre
group of blocks being individually supported and¢damected to the
adjacent blocks This is one in a sequence of testsins 10 - 14.

On this run the usable data set is fairly limitedhwonly around 15 seconds of data
showing a load response to the jet flow. The s@dita does however serve to illustrate
the stability of the load measurement system wlatrerposed to flows. The individual

load gauges to blocks 1 and 3 appeared to be hedavihped as noted in previous runs.
However the load range imposed on block 1 was grehan that on block 2 if the start

up jump at time 324 is ignored.
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Comments| The test was carried out with the blogktlled as groups with the centrg
group of blocks being individually supported andamected to the
adjacent blocks This is one in a sequence of testsins 10 - 14.

Blocks 1 and 2 show far greater loads than therdtloeks and towards the end of the

run there is a noticeable increase in the loadsodin these blocks
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Comments| The test was carried out with the bloe&talled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testans 10-14.

In this run the loads on block 1 were noticeabbhleir than on the other blocks and the
introduction of air into the jet has cause an iaseein load on this block whereas on the
adjacent blocks the load has decrease comparbe tase where there is no air
entrainment
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Comments| The test was carried out with the bloe&talled as groups with the centre
group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testans 10-14.

The loads on blocks 1 and 2 are similar with blddleing slightly greater on average
although the peak load on block one is nearly tiheg of block 2. Again very little load
is shown on blocks 3 and 4
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Comments| The test was carried out with the bloe&talled as groups with the centrg
group of blocks being individually supported and¢damected to the
adjacent blocks This is one in a sequence of testans 10-14.

Blocks 1 and 3 both showed significant loads anithig run block 2 had very little
recorded load
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Comments| The test was carried out with the bloe&talled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testains 15-17.

The maximum loads on blockl is about 50% greatan tin the previous run, this is to be
expected due to the increase in jet speed. Ircdss it is also accompanied by much

more load oscillation
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Comments| The test was carried out with the bloe&talled as groups with the centrg
group of blocks being individually supported and¢doamected to the
adjacent blocks This is one in a sequence of testsns 15-17.

Blocks 1 and 3 experienced considerably more Ibad blocks 2 and 4 in particular
block 1 showed a much greater load range than atemther blocks
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Comments| The test was carried out with the bloe&talled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testains 15-17.

The blocks had fairly high loading at the commeneenof the run and then the loads
dropped markedly from the observations during &s¢ tun the blocks appeared to
interlock with the adjacent blocks
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Comments| The test was carried out with the bloe&talled as groups with the centrg
group of blocks being individually supported and¢damected to the
adjacent blocks This is one in a sequence of testsns 18-20.

The peak loads that appeared on this run coulth@etplained from the visual
observations but from the graph can be seen toshegie event and are not combined
with any increase in load range or oscillation. pleek results from this have therefore
been disregarded a anomalous.
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Comments| The test was carried out with the bloe&talled as groups with the centrg

D

group of blocks being individually supported and¢damected to the

adjacent blocks This is one in a sequence of testsns 18-20.

It appears that the blocks have moved relativeath ®ther and the negative block loads
are balancing the positive loads. It is believeat this demonstrates the ‘ratchet’ effect of

the blocks moving relative to each other.
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Comments| The test was carried out with the bloe&talled as groups with the centrg
group of blocks being individually supported and¢damected to the
adjacent blocks This is one in a sequence of testsns 18-20.

Block 1 displayed a significant load over a vergrshime frame during this run. Both
gauges on the same block showed this load simwaitestewhich is believed to result

from a block ratchet effect as previously described
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Comments | The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks.

This was the first run using a single block thaswpasitioned so that it did not contact
the adjacent blocks. This freedom of movement pledia much clearer view on the
block behaviour, since the applied loads were redked by load transfer to other
blocks. The forces measured on the single blocleaeleast ten times more that with the

multiple blocks. The load oscillations were similar
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Comments | The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks.

The reduction in jet velocity on this run showegraportionate decrease in block loads

and no significant change in oscillation frequency
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢damected to the

adjacent blocks.

This run was similar to the previous one and used @epeatability check. The results

were very similar.
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Comments | The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks.

This run was the same as 23 except for a 9% aigiantent in the jet flow. In this case

this gave a slightly higher maximum force reading
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Comments | The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks.

The increase in the airflow gave a noticeable desgrén the maximum forces from the jet

on this run
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Comments | The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks.

The further increase of air entrainment broughttfaimum force of the jet down by

almost 40% compared to the same flow with no diragmment
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢d@mected to the

adjacent blocks.

This run is to the same parameters as run 24 anthhly similar results
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Comments | The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks.

T the beginning of the run there is a noticeabtmsdary oscillation that gives very high
peak values for the forces on the blocks. Aftes tigcillation the forces decrease by
about 20%
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Comments | The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks.

This run is to the same parameters as the previomud he forces reduce noticeably
halfway through the run and this is due to the bimoving to the edge of the open area

and touching an adjacent block.
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Comments | The test was carried out with the blooktalled as groups with the centrg
group of blocks being individually supported and¢damected to the

adjacent blocks.

The first 25% of the run showed significantly highéock forces than the remainder

(approximately 25%)
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢d@mected to the

adjacent blocks.
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢damected to the

adjacent blocks.
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢damected to the

adjacent blocks.
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢damected to the

adjacent blocks.
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢damected to the

adjacent blocks.
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢damected to the

adjacent blocks.
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢damected to the

adjacent blocks.
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Comments | The test was carried out with the blooktalled as groups with the centr

group of blocks being individually supported and¢d@mected to the

adjacent blocks.
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