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Abstract

In 2007, the Belgian Federal Authorities issuedayd® Decree concerning “inland vessels
that can also be utilised for non-international seayages”, allowing inland vessels to
operate in coastal areas between the Belgian coassabours and the Belgian inland
waterway network via the Western Scheldt, providhed — among other requirements — a
risk analysis demonstrates that the probabilityadferse events such as bottom slamming,
overtaking of water on deck and ingress of wateropen cargo holds is limited to an
acceptable level. Several tankers and containeselssare nowadays operating in significant
wave heights up to 1.90 m. The present paper istemgrovide background into the present
regulations, to describe the methodology used fenfgpming risk analyses, and give an
overview of the present and future research at &ams Hydraulics Research and Ghent
University on estuary container vessels.
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1. Introduction

Hinterland connections are of major importancedanaritime port, as an increase of traffic
and harbour activities is only possible if sufficieneans are available to guarantee the flow
of cargo between the port and the hinterland. Tgkitcount of the high degree of congestion
of the motorways, a sustainable growth of the itadf the Belgian harbours implies that the
majority of the additional goods need to be transgabby alternative means, particularly by
inland waterways. Belgium has a dense inland watgmetwork that is well integrated into
the European waterway system and which still h&fgcent capacity. The ports of Antwerp
and Ghent are accessible for inland vessels witaouytrestriction. As a result, a substantial
fraction of the maritime traffic is transported amd from the hinterland in this way: for
example, in 2007 the contribution of inland vessaelgshe modal split reached 36% for
Antwerp and even 61% for Ghent (RSD, 2008). Thestzdgorts of Zeebrugge and Ostend,
on the other hand, are currently only accessibteirfiand vessels of class IV (1350 ton),
which, in combination with the long travelling tisiéue to the passage of bridges and locks,
is not sufficient to guarantee an efficient hirdad connection. As a result, only about 1% of
the hinterland transport of the port of Zeebruggeealised by inland shipping traffic, see
Table 1.



Table 1. Port of Zeebrugge (2008): modal split in 10% ton (Port Authority Zeebrugge,
2009).

Cargo Type Transhipment Estuary Inland Rail Road Pipeline Total
Feeder Traffic Navigation
Roro 744 75 0 377 10,618 0 11,814
Containers 4,908 453 32 6,749 9,061 0 21,203
General Cargo 5 0 260 422 165 0 852
Liquid Bulk 1,491 1,409 0 0 775 2,527 6,202
Dry Bulk 0 0 46 0 1,907 0 1,953
Total 7,148 1,937 338 7,548 22,526 2,527 42,024
% Total 17.01% 4.61% 0.80% 17.96% 53.60% 6.01% 100.00%
% Inland Traffic - 5.55% 0.97% 21.64% 64.59% 7.25% 100.00%
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Figure 1. Location of Belgian coastal harbours amdand waterways network. Source:
adapted from Promotie Binnenvaart Vlaanderen.

On the other hand, from the outer harbour of Zegdeuonly a limited trajectory has to be
covered to reach the mouth of the Western Schetdtey, which gives access to the ports of
Antwerp and Ghent and to the European inland néwvigaetwork (Figure 1). As a matter of

fact, the distance between the breakwaters of Zigger and the line between the Dutch
towns of Flushing and Breskens is only 16 nauticéé¢s, while the wave climate in this sea
stretch is rather moderate. Although it typicaliikés only two hours to cover this distance, it
is not allowed, even not in favourable weather oo, to perform this journey by inland

vessels. Indeed, the latter are not designed #oatiditional wave bending moments and do
not have a sufficient freeboard.



The limited access to the coastal harbours fonahships was, even before the expansion of
the port of Zeebrugge in the 1970s, an importatasor bunkering. Especially for this type
of traffic, a solution was offered by so-calledussy vessels. Classification societies may
assign a range of navigation to an inland vessebtogiches of water where waves can
develop up to a certain limited wave height, preddhat they have a structure with suitable
scantlings. For such vessels, a service rule vgagisby the Belgian Shipping Inspectorate in
1962 containing the regulations for inland waterwagsels operating between the Western
Scheldt and Zeebrugge with qualified crew and imotmable weather conditions, i.e.
characterised by a significant wave heigHt)(not greater than 1.2 m (or, in practice, 5
Beaufort wind force).

The additional requirements concerned, among aqthlfies saving appliances, radio
equipment, nautical instruments, collision regalasi (COLREG), freeboard and strength.
The prescribed minimum freeboard depended on lewrgith type of vessel, including
minimum values for depth and flare. For strengtureements reference was made to the
classification society rules for vessels operaiimga maximum of 1.2m significant wave
height. Vessels built according to these regulatieare mostly smaller tankers with a length
of 70 to 80 m, which can easily fulfil the additarstrength and safety requirements.

With the dramatic growth of Zeebrugge as a contajpuet in the first decade of the 21
century, as shown in Figure 2, and increasing cstige of the motorways, alternatives for
an efficient hinterland connection were more thagiceme. Estuary traffic could make a
contribution, but the 1.2 m significant wave heigéstriction appeared to be too strict to
guarantee a reliable hinterland connection. Thisllisstrated in Figure 3, displaying a
cumulative distribution of wave observations atalibi@n Bol van Heist outside the outer
harbour of Zeebrugge. In about 16% of the obsermatithe significant wave height appears
to exceed the 1.2 m value; during the winter martthis value increases up to 29%. For this
reason, the Belgian Shipping Inspectorate receisederal requests from the shipping
industry to consider an extension of the limitingnditions for estuary traffic, e.g. up to
significant wave heights of 1.6 to 1.9 m. Theseuestis concerned a broad variety of inland
vessel types: tankers, container vessels and odersa
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Figure 2. Port of Zeebrugge: evolution of contairteaffic 1968 — 2009 (Source: Port
Authority Zeebrugge, 2009).
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Figure 3. Bol van Heist (Wavec, 1997-2002): Peraggatof n hours time blocks during which
the significant wave height is not exceeded (Vaatet al, 2006).
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In an initial stage (2004 — 2007), these requestsewaken into consideration by the
Inspectorate on an individual base, in close caasoh with the classification society
involved. In March 2007, &oyal Decreeconcerning inland vessels also used for non-
international sea voyage@elgisch Staatsblad / Moniteur Belge, 2007) exdeinto force,
supplying a set of regulations and criteria to Wéllied by inland navigation ships operating
between the Belgian coastal harbours (Zeebrugg&en@s Nieuwpoort) and the Belgian
inland waterways network via the Western Scheltitaay.

The present paper intends to describe the geneiradigles of estuary vesselsa (non-
official) terminology used in practice fanland vessels also used for non-international sea
voyages and the outlines of the present regulations. [atter require that for each vessel a
risk analysis has to be executed to prove thatptiebability of occurrence of undesired
events caused by waves at sea is acceptably logvcdleulations performed in the frame of
this risk analysis are described, and a numbeypital results are discussed.

2. Principles of estuary navigation

In order to allow ships for inland navigation absévo parties are involved: the flag state
authority and the classification society. Both haeenplementary roles in safety at sea. The
flag state is committed to the safety of peopleboard of ships and the protection of the
marine environment by means of internationally edrend national regulations; typical

aspects are stability, freeboard, fire safety. Tlassification society is taking care of the
safety of the ship and her cargo through classsyyeescribing minimum requirements for

the ship’s structure and the major systems on b@artdjens et al, 2006).

Rules and regulations issued by classificationet®d for inland waterways vessels are
framed for ships operating in areas characterigeabisence of wave action. In the Rules of
Lloyd’s Register (2008), such an area is definedZame 3". “a zone where the maximum
significant wave height based on long term sigaificwave height statistics, excluding the
highest five per cent of the observed waves, dad¢serceed 0.5 m”. Zones 1 and 2 are
characterised by a maximum significant wave he@ht.6 m and 1.0 m, respectively; for
ships intended to operate in these zones, propssadtlings and arrangements will



especially be considered. For instance, concerloingitudinal strength, it is acceptable to
neglect wave bending moments and wave shear féoceships sailing in Zone 3, while for
ships designed, modified and/or arranged for naiigan Zones 1 or 2, the additional wave
bending moment and shear force have to be takenaiotount for the calculation of the
required hull section modulus.

The Rules for the classification of inland navigatvessels issued by Bureau Veritas (2010)
make use of a slightly different, but comparablstidction: navigation notation NI2 is
“granted to vessels deemed suitable to navigatstiches of water where there may be
strong currents and a certain roughness of thaseitfut such as a significant wave could not
develop”, while the “notation NI1 is granted to assel with strengthened structure being
considered capable to navigate in semi-maritimetdtes of water of lakes when the
maximum significant wave height (...) does not exceé&f) m”. Since about 1991, a notation
“NI1 (X m)” is added, for vessels capable to natégan stretches with a significant wave
height up to X meters, X being a value between Jafch2.0m.

Sea states higher than about 1.6 m (i.e. surpakfingone 1) not only imply higher values
of the wave bending moments and shear forces; riblgapility of other critical phenomena
increases as well. Sea going vessels are designetthistand fatigue loads caused by the
transient response to impact loadings due to slag@nd shipping of water on deck (“green
seas”). The structure of inland ships, on the otfaerd, does not allow these additional loads.
In order to guarantee safe operations, either émstouction of inland vessels for “estuary”
service would have to be modified thoroughly tastethe mentioned transient loads, or both
slamming and shipping of water should practically occur during the ship’s lifetime.

It was decided that “estuary” vessels would be eted as inland vessels with increased
longitudinal strength, allowed to operate in seavay to a specified maximum significant
wave height, provided that the draft and the freethare sufficient to avoid slamming and
green seas, respectively. The range of allowedingadonditions has to be determined by
means of a risk analysis which must demonstratettieaprobability of occurrence of critical
phenomena stays within acceptable limits. Besidesneing and green seas, these
phenomena also include deck wetness limitationsshifgping of water in the cargo holds in
case of open hatch (container) vessels. Additignal estimation must be made of the wave
loads (bending and torsional moments), rolling esgind accelerations that the vessel will
encounter during its lifetime. Finally, the veshabk to meet intact stability criteria similar to
those imposed by IMO to sea going general dry caegsels.

In the period 2004 — 2007, several inland vessalsived a certificate for the stretch between
the Western Scheldt and Zeebrugge in seaways Uitn 1.75 m significant wave height,
based on individual studies supported by a riskyamsa In that period, preparations were
made for new regulations replacing the old 196%iserrule.

3. Present regulations. Royal Decree of 8 March 2007

3.1. Overview

Instead of adapting the 1962 regulations for egtuassels, it was decided to develop a
completely new set of regulations, taking advantafjéghe experience gained over several
decades with seagoing inland waterway vessels Isot iatroducing the principle of risk



analysis. The new regulations entered into forcéarch 2007 with the publication of a
Royal Decree (Belgisch Staatsblad / Moniteur BeRf#)7). The validity of certificates for
existing ships under the 1962 service rule willseean a fixed date in the future.

The scope of the new regulation is restricted tiy faertified inland waterway vessels
transporting cargo on non-international voyages goithg out to sea in a restricted area
between the Scheldt estuary and the ports on thggaBecoast under verifiable restrictions
regarding swell, freeboard, speed and loading ¢mmdiThese restrictions are annotated in
the Supplementary Community inland navigation fiedie of the vessel. This annotated
certificate, delivered by the Belgian inspectiordypdor inland navigation, has a validity of
five years and is subject to a yearly survey. lmiandatory to register the vessel with an
approved organisation; it must be classified, far hull and the machine installations, in the
highest class of its category. The vessel needsADNR certification (Regulation for the
carriage of dangerous substances on the Rhinephancompetence of the crew will have to
be supplemented with specific STCW-certification.

Annex | to the regulations gives a list of requiests supplementing those under the existing
regulations for inland waterway vessels further ueing the vessels ‘restricted
seaworthiness’

* Chapter 1 requires full compliance with the Eurapeaarine equipment directive as well
as with MARPOL and COLREG regulations.

» Chapter 2 requires compliance with restrictions aftatistical type, on slamming, water
intake, roll of vessel, bending moment, torsion awtelerations, which has to be
demonstrated through a risk analysis for certgpesyof ships (see 3.2). The methodology
of the analysis is described in the Appendix to @éxnh The restrictions annotated in the
Supplementary Community inland navigation certtiécaf the vessel are based on the
results of this risk analysis endorsed by the Belginaritime inspectorate. For vessels
with watertight steel hatch covers or with a wadgdtt deck (tankers) operating in
significant wave heights of 1.2 m and less, a &sklysis is not required; instead, they
have to fulfil the following requirements:

o Minimal freeboard 0.5 m + (L — 50P.005 m (L= length between perpendiculars, m);

o For vessels with a watertight deck (tankers), teebdoard may be reduced by 0.1 m
provided that they have a continuous trunk at I8asm high;

o For ships with watertight steel hatches, hatch owaust be at least 0.9 m high;

0 The sheer must be at least 0.9 m at the bow anah @&the stern.

» Chapter 3 formulates supplementary requirementtherdifferent aspects of fire safety
measures, stability, freeboard, container stowage sructural strength. The stability
requirements, to be fulfilled by ships operatingairsignificant wave height over 1.2 m,
are based on the Code on intact stability for gles of ships covered by IMO
instruments, including the Severe wind and rollicxiterion, although some of the
requirements are somewhat reduced. A heeling expetiis required.

* Chapters 4-10 give requirements on draft scalespomarability, navigation aids,
communication equipment, propulsion, bilge pumpsctecal installations, fire fighting
equipment, anchor equipment, personal life savipngm@nent, bulwarks and railings.

Annex Il determines the minimum standards of treessment procedures for the captain to
decide whether or not to start the voyage. On thsisbof actual measurements and
predictions of weather and wave height from an aygul information provider, the
procedure will provide the captain with a ‘go / go’ answer subject to the annotated
restrictions. The procedure needs basic approviidBelgian Shipping Inspectorate.



3.2. Risk analysis

Criteria

Concerning the behaviour of the vessel in a seath@ynew regulations require a number of
probabilistic conditions to be fulfilled. For altgbability calculations, it is assumed that the
vessel performs 300 round trips per year during gears' lifetime.
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Figure 4b. Critical points to be considered in akianalysis: container carrier.
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Figure 4c (left). Required height of fore deck op of bulwark on the forecastle, (z level
reached once in a lifetime).

Figure 4d (middle). Reference levels at the sideg@onsidered in case of vessels with open
hatches, referring to points 5 to 10 in Figure 4Db).

Figure 4e (right). Reference levels at the sideébéoconsidered in case of vessels with a
continuous watertight deck (referring to point510 in Figure 4a).




* The probability that the most forward point of thleip’s keel (point 1 in figures 4a/b)
emerges from the water (which may cause slammingg} mot be more than once a year.
» The probability that the water reaches the forekdw®cthe top of watertight bulwarks on
the forecastle (points 2, 3, 4 in figures 4a/blsiag green water, must not exceed once in
a lifetime. In determining the relative vertical tiom at the bow (point 2), the height of the
bow wave and dynamic piling-up as a result of diffron and radiation must be taken into
account. If no reliable empirical data from modelfoll-scale tests are available, the
regulations provide a formula to calculate thiswthncedz
2
=02z + 0.6V—
29 @)

z being the level reached once in a lifetime ofwhssel (m)V the speed (m/s) of the ship

reached with 80% of the propulsive power grtie acceleration of gravity (9.81 m/s?). A

typical value is 0.81 m for a speed of 10 knots§1¥8n/h, 5.14 m/s). Watertight bulwarks

must extend at least 7% of the length between peipelars aft of the fore perpendicular.

» The probability that the water level exceeds aresfee level at the sides must not be
greater than once in a lifetime. This referencellédefined as follows:

0 in case of vessels with watertight steel hatch o the top of the hatch coamings;

0 in case of vessels with open hatches, the lowesteofollowing two levels (points 5
through 10 in Figure 4b):

- at a safety distance under the top of the hatclerspwbeing 20% of the vertical
distance between the waterline and the top of &#tehhcovers (Figure 4c: level 1),
- 0.90 m above the deck at side (Figure 4c: level 2);

0 in case of vessels with a continuous watertighkdeayure 4d): 0.90 m above the deck
at side at the midship section (Figure 4a/b: pd#@; 1.35 m above the deck at other
sections (points 7, 8, 9, 10). If lower decks a@ated aft of the main deck (Figure 4a:
points 9b-10b), these decks need to fulfil thisureement as well.

» The probability that the water reaches the aft dedke top of watertight bulwarks on the
aft deck must not exceed once in a lifetime (Figuda/b: points 11 to 14). Watertight
bulwarks must extend at least 7% of the ship’stlefigre of the aft perpendicular.

» The probability that the roll angle exceeds 67%either the angle of flooding (i.e. the
angle at which openings that cannot be sealednameersed) or the angle corresponding
with the maximum of the stability curve must not dreater than once in a lifetime; the
roll angle must never exceed 15 degrees.

» With respect to strength conditions to be fulfillékde values occurring once in a lifetime
of following phenomena due to wave action must biEwated as well: the vertical
longitudinal bending moment, the torsional momeacépt for ships with a continuous
watertight deck), the lateral accelerations of thkescopic wheelhouse in its highest
position (point 15 in figures 4a/b), if presentdaof cargo carried on deck (points 16
through 21 in Figure 4b).

Calculation method

The ship’s response must be calculated in waveitons that are considered to be realistic
and representative for the navigation area. Thdystoust be based on the response on all
directional wave spectra derived from observatidumsng one year. For the determination of
the response, it is allowed to use response ardplibperators (RAO) for the relative vertical
motion of the selected points on the hull, the lmempénd torsional moments, the roll angle



and the accelerations based on a linear theoheifrequency domain. The calculations must
be executed for realistic loading conditions andgivedistributions.

The sea trajectory is approximated by a numberubbsquent linear tracks for which the

ship’s heading and speed are considered to beardnatdistinction has to be made between

the outbound and inbound passages. For each gabttny, the response spectra are

calculated, which allows calculation of the follogirequired statistical information:

» the significant response value, from which the edeace probability per oscillation of a
considered level can be calculated;

» the average period of the response;

» the exceedance probability of a considered levehduhe entire out- and inbound trip.

For each of the events linked to the criteria,tteximum significant wave height needs to be
determined for which the accepted exceedance pildpals reached. The following
methodology is applied:

» the response of the ship is calculated for eadttional wave spectrum observed during
the year considered; for each event the numbexpdaed exceedances is calculated;

» all individual directional wave spectra are groupresvave height classes with an interval
not exceeding 0.05 m. For each of the classesminemum, maximum and average
values are plotted as a functionkf; these values are called the conditional minimum,
maximum and average number of exceedances perejpuespectively;

* as a function ofHs, the cumulative average number of exceedancegopeney is
calculated, which is defined as the average nurab8mes the critical value is expected
to be exceeded during any return trip, if a patéicvalue of the significant wave height
is considered as a maximum allowable value andhesefore never exceeded. Special
attention is paid to the values of the maximumvadlble significant wave height for
which this cumulative average equals 1/300 (ongeaa) and 1/6000 (once in a lifetime).

3.3. Present fleet

The present fleet ahland vessels also used for non-international segagesconsists of
nine tankers (5 foHs max= 1.2m; 3 for 1.6m; 1 for 1.9m), three car cagi@.75m) and three
container carriers (1.70m). Two tankers and ondato@r carrier are under construction.
Classification societies involved are Bureau Verdad Lloyd’'s Register.

4. Practical approach

This paragraph intends to describe the way thearsdysis for the present fleet of estuary
vessels has been performed by the Maritime Techgdbivision of Ghent University.

4.1.Trajectories

Most of the estuary shipping traffic is limited tiee trajectory between the mouth of the
Western Scheldt and Zeebrugge, which can be appated by a straight line with heading

250 deg outbound and 70 deg inbound; a distand® ofautical miles (one way) is covered.
If, however, the ship owner plans to cover the detepcoastal zone, an additional trajectory
Zeebrugge — Nieuwpoort, with a length of 22 nm, hasbe covered, which can be

approximated by a straight line with headjng= 235 deg / 55 deg and distance 22 nm.



4.2 Wave data

A hydrometeo-system has been set up to delivertiraal hydrometeo information and
forecasts in order to optimise safe and fluent elesaffic to and from the Belgian harbours.
A monitoring network in the Belgian part on the NMoSea and along the coast, consisting of
measuring piles and buoys, measures wind, waveserwavels, currents and other
parameters. These data are transmitted to the, quasessed and distributed in real-time to
the key-users. The Oceanographic Meteorologicaliddtg OMS), a hydrometeo forecast
centre located in Ostend, produces four forecastaya seven days a week. These weather
bulletins are distributed to the key-users: nautedhorities (pilots, shipping assistance and
VTS), port authorities and other partners. The tooimg network and the forecast centre are
managed and operated by the Agency for Maritime @odstal Services (MDK) of the
Flemish Government.

For the risk analysis, the vessel's response tdiraittional spectra measured at locatimi

van Heistduring one year is calculated for the trajectoryst®@e Scheldt — Zeebrugge. For

the stretch Zeebrugge — Nieuwpoort, the data dfectibnal wave buoy near Oostende are
used (Figure 5). For both locations, directionacm based on wave records taken with 30
minutes interval are available for several yeams. & one-year period, about 15,000 spectra
are available, taking account of periods of failurbe directional spectra consist of values
for the spectral density, the average wave diracéind the directional spreading for 100

frequencies; for further processing, these datacanwerted into a 100*36 table containing

spectral density value{(w ) for each combination of frequeneyand directiory.

r P
:P F 3 <
¥ & .
€ e Walcheren
_.4«*‘” %,
v 4 i
Nl wigaiaren S
o
= ‘an J
a\"lﬁlﬂi‘u"’ L" ¥
o Hias
- P
*.lndlh.lr 1
Kwd ntehank ¢ e
i *“’w
& o o Qﬁ"‘ o Zecbruge
F 3
-rE f\l‘r‘ ﬁ”‘
F’- 'F'L s b
qf -';' u"ow .‘- e
e Oostende e
F Dot x
g ; Uoetende !
* iy
F e ¥ ‘1‘:"‘9’ i
w L Meteopark
& ]
4 o - Waee AR AR BT
o g - /LAAMSE HYDROGRAFIE
a‘P"Wh s e 1 Gafmeethos
Trpegeer . Niguwpoort ) =
o L, = Directiore le Golime stbeei
i
1 Getijmeter
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lines) for estuary traffic Western Scheldt — Zegges — Nieuwpoort and locations of
directional wave buoys (red circles) Bol van Hedstd Oostende. Source: adapted from
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Figure 6. Spectra Bol van Heist 1998: distributminwave height classes (0.01 m interval).

The spectra are grouped in discreteclassesis — dHs ; Hs], with Hs = j dHs. Taking
account of the large number of data, wave heigh$sgs are defined wittHs = 0.01 m
intervals. Figure 6 shows the number of spectr@aich interval for the measurement8at
van Heistin 1998. The number of spectra in wave height QI%afsslenoted]j°°”d.

4.3. Response calculation

The RAOs required for calculating the responsetspend the exceedance probability of the
critical levels have been calculated wileaway a software package developed by Journée
Shipmotions bv, presently incorporated into OctofArmarcon bv). It is a frequency-domain
ship motions PC program based on the linear shgory to calculate the wave-induced
loads, motions, added resistance and internal Idadssix degrees of freedom of
displacement ships and yachts, barges, semi-sullilesr®r catamarans, sailing in regular
and irregular waves. The program is suitable fagpdeo very shallow water. Viscous roll
damping, bilge keels, anti-roll tanks and linearrggs can be added. Work of acknowledged
hydromechanical scientists (like Ursell, Tasai,nkiaKeil, Newman, Faltinsen, Ikeda, etc.)
has been used, when developing this modified #teépry based code.

The Seaway output files are converted into a nurbdi00 (frequencies) * 36 (directions)
tables containing the response functions; the augd@iof a respondR to a regular wave with
a unity amplitude, frequenayand relative directiopr is denotedfrA w Lir).

The RAOs depend on the ship’s speed and the loedérwdepth. As prescribed, the
calculations are carried out with the speed reaht#d80% of the installed power, typically
10-11 knots. An estimation for this speed is maderhpirical methods. The calculations are
performed for a water depth= 10 m, which can be considered as an averageotaingnd
spatial value for the stretch between ZeebruggelantiVestern Scheldt.

4.4. Calculation of exceedance frequencies of ship responses for a given wave condition

Based on the directional wave spectrum and the RAGrectional response spectrum for a
particular response of a ship navigating with adiregp can be calculated:
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Integration of this response spectrum yields:
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Similar to the significant wave heighis, a significant (peak to trough) vali s for the
responsdR can be defined as follows:

Hps = 4.01/mO’R (@)

Assuming that the peak to trough valli&sof the response follow a Rayleigh distribution:

H R,S (5)

the exceedance probability of a particular vatigg during each individual oscillation is:

P[H r > H RO] = ]3 p(H R)dHR = e_Z[HH:SJ
Hro (6)

The average apparent period of one oscillation,the average time between two upwards
zero-crossings for the considered response, casthmated as follows:

m
T,r = Zn/ R =2m
mZ,R
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axbeing the encounter frequency:
&, = a—kVcodu - ) (8)
with V the ship’s speed, and k the wave number:
k tanhkh = ﬁ
g 9
The average number of oscillatiddsoccurring in a sub-trajectory with lendthequals:
N, = o
VT, -

(10)

As a result, the average number of exceedancesgltite passage of the sub-trajectory can
be estimated aN¥; P[Hr > Hrg. Summation over all sub-trajectories results itm® expected
total number of exceedances per round tripNERIn the given sea condition.



4.5, Assessment of the criteria

The calculations described in 4.4 are performedafbspectra of the considered year. For
each wave height clag¢see 4.2), the following values are calculated:

NER (Hs, ) = nici’sllXNER‘-

(11)

NERE(Hs, ) = min NER 12
NER(Hs, )= ind > NER

= (13)

NER; being the expected total number of exceedancesoped trip in wave spectrumof
wave height clasig NER°" stands foconditional number of exceedances.
The cumulative average number of exceedances can be calculated as follows:

i j
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Figure 7. Example of a plot showing the relatiotviEen the actual significant wave height
and the (conditional) minimum, maximum and avenag@mber of times a given critical level
is expected to be exceeded during a crossing, dsaw¢he relation between the maximum

allowable significant wave height and the (cumwi@tiaverage number of times the critical
value is expected to be exceeded during any crgp$g@ntorre et al, 2006).

It is the average number of times the critical eaisl expected to be exceeded during any
crossing, if a particulas value is selected as a maximum allowable valugurgi 7 shows
an example of the conditional and cumulative numbkmexceedances as a function of
significant wave height. Two values for the cumiviaiaverage are of particular importance:
1/300 (corresponding with an occurrence of once year) and 1/6000 (once in a lifetime).



4.6. Special considerations

In order to optimise the ship’s operations, thedittons in which a vessel is allowed to
navigate may depend on the weather conditionseoirétjectory. Two examples:

» Two values of the maximum draft can be considefedtwo different maximum values
for the significant wave height. For example, imsep to a significant wave height of
Hsjis = 1.60 m, a draft of; = 4.50 m is allowed, while for seas betweédsy; = 1.60 m
andHsj> = 1.90 m, navigation is still allowed if the drédtnot greater thaifi, = 4.05 m.
In that case, the cumulative probability can bewaked as follows:

ZH:ZNERK(Tl)ﬂ“_ZZ: ZNERK(Tz)
NEF&?(Hs,iZ) === o e

i
211 CondNEgond(HS Tl) zncondNEI{Md(HS T)

i=1 i=j,+1

cum

nj2
nSm NEREM(Hs,, T, )+ nsem NEREM(Hs, ,: T, ) - n™ NER?™(Hs ;T )

cum

ny,

= NER (s, T+t (NERE(Hs,,iT,) - NER (s, T, )
g (15)

» A ship can be allowed to navigate in the complaiastal zone between the Western
Scheldt and Nieuwpoort, with different values fbe tmaximum allowable significant
wave height for the stretches Western Scheldt bi@Zege and Zeebrugge — Nieuwpoort.
As mostly the first stretch is the most importanepthe limitingHs for the trajectory
Western Scheldt — Zeebrugge has the greatest value.

5. Important parameters

The examples given in this chapter are based &rarialyses carried out for existing ships.
So as not to reveal the identity of the ships, @nliynited amount of data will be given.

5.1. Loading condition

The most important parameters determining the hmadondition are the drafts fore and aft.
An inland vessel that is allowed to perform noreinational sea travels is entitled to do so
between a minimum and maximum value for the draftreentioned on the certificate. The
exceedance probability of critical levels due taioms in waves directly depends on the draft
fore and aft, due to their direct relation to timiting values. On the other hand, the response
of ships in waves, and more specifically the rotition, is highly dependent on the vertical
position of the centre of gravity, which determinies metacentric heigl@M.

This effect is illustrated in Figures 8a/b, whidmow the maximum allowable significant
wave height for which a specific estuary contacearier still fulfils the criterion concerning
shipping of water at the side as a function of tdaaid GM. The allowable significant wave



height clearly decreases with increasing metaaeieight. The validity of the curve in
Figure 8a for lowGM values should be questioned. Indeed, the calounlatiethod only
accounts for the response of the vessel to wavkie funsteady) wind action will cause
additional roll motions. Wind effects will partiarly be of importance for container carriers
and ro-ro vessels, but only to a lesser degre¢aftters. The safety of vessels subject to a
combined action of beam waves and beam wind igestuay Hofman and B&alov (2005)
and Ba&kalov (2010) making use of a nonlinear model; tsbpw that the probability of
reaching critical roll angle values initially deases with decreasinGM, but increases
dramatically for (very) lowGM values. For realistiGGM values, however, which for the
vessel considered in Figures 8a/b are typicall$ +3.0 m, the plotted tendency is still valid.
As the risk analysis has to cover the complete gaofyrealistic loading conditions, the
calculations have to be carried out for at least ®M values. Therefore, an accurate and
reliable estimation of th&M range in the design stage is of great importaites is
especially true for container and ro-ro vesselswioich a large number of loading conditions
is possible for a given draft. For tankers, ondbetrary, theGM variation is much smaller.

The GM value is of particular importance due to its direffect on the ship’s natural roll
period, as illustrated in Figure 9 for a tanker.tWincreasingGM, this natural period
decreases and coincides more frequently with tihgeran the wave spectrum with high
energy content (typically 5 — 6 s in the consideredstal zone). Moreover, the height of the
peak in the response amplitude operator increasistiae GM value, at least within the
considered range, due to the increasing steephéss waves at resonance frequency.

The metacentric height is a very important paramietethe safety of any ship, and should
therefore be known at any time. However, the natlrequency and, therefore, the roll
response not only depend on draft @M, but also on the radius of inertia along the
longitudinal axis Kxy). This is illustrated in Figure 9b, for the sana@ker. The difference
between both response functions has only a miriectedn the allowabléis, of the order of
magnitude of 0.01 — 0.02m; the smallggtvalue leads to a lower limiting wave height.
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Figure 8.Estuary container vessel: maximum allowadignificant wave height as a function
of draft and metacentric height (GM).



14 ‘ 14 ‘
0-GM=0.5m “o- kxx/B = 0.35

?Emlz - a GM=10m/[ | %12 N
3 3 -m-kxx/B = 0.30
= 10 X ] A}Gle.Smi = 10
3 ‘A 35
2 A 2
= | \ =
E 8 pat E 8
) [ TA o
g Q! g
z 6 s z 6
) I ! (0]
E %w » Eﬁ E
= ! \ =
s 4 A 3 4
£ A £
@© A ©
3 2- S 2

0. e

0 0.5 1 15 2 0 0.5 1 15 2

Pulsation (rad/s) Pulsation (rad/s)

Figure 9. Estuary tanker: effect of loading conalitiparameters on roll response amplitude
operator. Figure 9a (left): effect of metacentrieight (GM). Figure 9b (right): effect of
radius of inertia along longitudinal axis g

5.2. Bilge kedls

While theGM andk,y values have a direct influence on the naturalpetiod of a vessel, the
magnitude of the peak of the RAO is determined by tlamping coefficient. As the
hydrodynamic damping, caused by wave radiatiorgtier low, the main contribution to roll
damping consists of viscous damping. The latter lsarincreased significantly by adding
bilge keels, which is not customary in inland shijiing, as contact with structures such as
lock walls and quays may lead to severe damag&é keels are mounted. As for beam seas
bilge keels may reduce the resonance peaks fobydll5 to 75%, a substantial reduction of
roll motions can be realised in this way. The adege depends very much on the vessel
characteristics; as an example, for one type oftaioer carrier the effect in terms of
allowableHs can be estimated as 0.10 m. Such an advantagalteamatively be realised by
an increase in freeboard (or a draft reductioglafut 0.13 m in this particular case.

5.3.Trajectory

For several reasons, the trajectory for which thle analysis is carried out has an important

effect on the allowable significant wave height.

» The orientation of the trajectory affects the rielaghip between the wave period and the
encounter period experienced by the vessel for d@rmonic wave component and,
hence, the ship’s response. For the same reasotratrel direction is also of importance,
so that for a round trip the transit in both direc$ has to be calculated separately.

» Even if a rather restricted coastal area is constjethe wave climate may be spatially
variable. For this reason, separate datasets awk fos the stretches Western Scheldt —
Zeebrugge and Zeebrugge — Nieuwpoort. For theicrbétween the Western Scheldt and
Zeebrugge, the selection Bbl van Heistas a reference location implies an approach on



the safe side: indeed, an attenuation of the wawelitons can be observed between this
location and the mouth of the river Scheldt. Therage ratio of the significant wave

height at the navigation buoys (W, W1, W3, W5, Wid &/9) on the southern bank of the

Wielingenchannel compared ol van Heistbased on calculations by Verelst (2006), is
shown in Figure 10. The effect of this attenuatinthe results of the risk analysis for

estuary container carriers has been studied by & B007); it was concluded that the
relative water levels expected to be reached omce lifetime are reduced by 6 to 8%,

resulting into an extra margin of 0.20 — 0.25 mefand aft and 0.15 m amidships.

Accelerations are reduced by 6 to 7%, bending masrtgn6 to 9%.

» The length of the trajectory is of importance, & number of wave cycles encountered by
the ship during a voyage depends on the travetimg; consequently, the exceedance
probability of critical levels is affected as wdllost estuary vessels have a certificate for
the stretch between the Western Scheldt to Zeebrumg if a certificate is issued for the
whole Belgian coastal area, up to Nieuwpoort, regth of the trajectory is more than
doubled. While the regulations stipulate that afliqability calculations are based on 6000
round trips during the ship’s lifetime, this hassevere consequence on the allowable
significant wave height. For this reason, mostly tdifferent maxima for the allowable
wave height are used for the stretches Westernl@cheZeebrugge and Zeebrugge —
Nieuwpoort. Typically, the allowablels is maximised for the first stretch, while a lower
value (1.20 m or slightly more) is adopted for Ho@e west of Zeebrugge.
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Figure 10. Wave climate variations between Zeebeuggd the Western Scheldt (based on
De Beck, 2007).

6. Further research

6.1. Resear ch topics

Since 2004, estuary tankers and car carrier areatpg in the coastal stretch between
Zeebrugge and the river Scheldt in seaways withifssgnt wave height up to 1.80 m; in

2007, container carriers joined the estuary fleethis way, the last few years experience has
been built up and practical information is avaiéaldn the operation and exploitation of



estuary vessels beyond the 1962 Service Rule.offéss an opportunity to examine some of
assumptions on which the new Belgian Royal Decfe2007 are based. Although the latter
is considered to be one of the first safety reguiatbased on probabilistic rather than purely
deterministic principles, a number of effects i atcounted for in a rather pragmatic way.

Flexible admittance policy

For most of the estuary vessels designed and epkeaicording to the 2007 Royal Decree
the draft allowed at sea is significantly less thha maximum allowable draft in inland
waters, which implies that they are not loadedulbdapacity. A relationship can be defined
between the maximum allowable significant wave heand the maximum draft at sea, see
Figure 8b. With decreasing wave height limit, treewvdtime increases, but the amount of
cargo increases, so that an optimisation from taepoint of the ship owner can be carried
out. From the point of view of a terminal operaton, the other hand, there is a maximum
limit for the downtime in order to guarantee a able hinterland connection. As a
compromise between both parties, a stepped apprzctihe considered, so that navigation
up to relatively severe sea states is possible reilnced draft, while in moderate waves the
ship can be loaded to a deeper draft (see paragréphThe Belgian federal authorities are
willing to accept such a two-stepped certificatsupported by a risk analysis.

Such an approach could principally be extended tmudtiple step or even continuous

relationship between wave height and draft, so ttiatoading condition could be optimally

adapted to the actual wave conditions. One of trectigal objections against a more

complicated admittance policy, however, concermswave height forecasts, from which a
much higher degree of reliability and accuracyxgeeted in such an approach, as ships will
be operating more frequently in conditions closdhtir limitations. Especially for vessels

loading at an inland terminal, the draft is basedwave forecasts several (6 — 10) hours
ahead. In case the forecast underestimates thiéicagih wave height, the ship will possibly

have to wait near the Western Scheldt mouth td #ter sea voyage, leading to additional
downtime. Therefore, the quality of wave forecastsearly of great importance.

Wind induced loads

The risk analysis does not take wind loads intooang instead, deterministic margins are
introduced. For example, vessels must meet reqeméensimilar to theSevere wind and
rolling criterion; the maximum roll angle experienced once in aitife must not exceed
67% of the flooding angle; for vessels with opemchas a 0.90m margin is prescribed. A
case study by R&alov (2010) confirms that the margin for roll isfficient to compensate
for unsteady wind; nevertheless, the overall eftdolvind on the probability of shipping of
water should be assessed more thoroughly to oatd@eper understanding of the real limits.

Wave climate

Both risk analyses and operations are based on weasurements in specific locations,
while the wave climate may be variable along tlagettory. This is illustrated in paragraph
5.3, where the effect of wave attenuation in thelilgen channel is discussed. In this case,
the effect is beneficial, but in other areas, thg.zone near the breakwaters, the local wave
climate could be disadvantageous. Other complinatimay occur when several trajectories
are possible. For instance, between Zeebrugge astefe, depending on the draft and the
tide, navigation is possible inside or outside Wenduine Bank, which is parallel to the
coastline; not only the wave climate may be sigaffitly different, but also the ship’s
heading and the distance to be covered will atfeztrelevant exceedance probabilities.



Ship response

A risk analysis is always based on a series of migaley calculated response functions.
Although potential theory is sufficiently reliabléor determining response amplitude
operators, some aspects need further considerdtios.is particularly the case for the roll
motion, which is dominated by phenomena that agilpinonlinear. The results are therefore
rather sensitive to the way of linearization ofl @&mping. In general, a validation of the
calculation methods used for the risk analysiec®mmendable.

The present regulations imply some margins to atictior uncertainties and effects that are
not taken into consideration. Besides wind, seagraph 6.1.2, these margins also are
intended to compensate for the effect of diffractémd radiation waves. Similarly, the bow
wave elevation could be estimated in a more acewvay than using expression (2).

6.2. Resear ch methods

Presently, a research project is being carriedabUflanders Hydraulics Research (Flemish
Government, Antwerp) with the scientific support Ghent University, concerning the
hydrodynamic properties of a specific type of estu@ntainer vessel. A model test program
consisting of captive manoeuvring tests and seatkgetests will be carried out in the
second half of 2010 in the towing tank for manoesvin shallow water. Additionally, the
sea-keeping tests will allow the determination lué tesponse of the vessel to regular and
irregular waves; the results can be used to vaittad RAOs on which the risk analysis is
based and, moreover, allows to pay special attentidhe relative motion between the ship
and the free water surface.

The main purpose of this test program is the deretnt of a mathematical manoeuvring
model for a dedicated full mission bridge simulator inland vessels, LENA (LEarn to
NAvigate), that has been developed by Flanders &ijldr Research for a training centre at
Syntra (Sint-Niklaas, Belgium). An inland vessehslator for research purposes is presently
under construction at Flanders Hydraulics Reseafdthough until present only the
manoeuvring behaviour of inland vessels is simdlag® that the mathematical models are
limited to the horizontal degrees of freedom, amtemsion to six degrees of freedom is
planned. Such a time-domain approach can alsopocate nonlinear effects, which offers
opportunities to acquire a better understandindp@if importance.

Another way of collecting validation data consisfs full-scale measurements. Recently
Flanders Hydraulics Research has invested in arboand monitoring system for
investigating the behaviour of sea-going and inteeskels, including estuary vessels.

7. Concluding remark

Estuary traffic by inland vessels can be consideasdan alternative way of connecting
coastal ports to the hinterland. However, the cansbn cost of an estuary vessel is higher
compared to a vessel strictly operating in inlaratemvays only, so that this investment has
to be used in an optimal way. On the other harelstifety of the vessel has to be guaranteed
in all operating conditions. In order to acquire arceptable balance between economic
efficiency and safety, it is important to gain morsight into the behaviour of estuary vessels
in the specific conditions — including the waverdite — of the area where the ship operates.



The examples in this paper are focused on the &elgjtuation and legislation. Nevertheless,
the overall principles of the followed methodologgn be generally applied. In this way,

estuary traffic is potentially applicable in othewastal areas and may offer an alternative
hinterland connection for other ports.
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